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Abstract  of  Dissertation  Presented  to  the  Graduate  School  of 
the  University  of  Florida  in  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of  Doctor  of  Philosophy 

WATER  AND  CARBON  BALANCE  IN  DEVELOPING  CITRUS  FRUIT:  WATER 
RETENTION  IN  JUICE  SACS  AND  SUGAR  CONVERSIONS  UNDER  CYCLIC  STRESS 

By 

Tzu-Bin  Huang 
January  1991 

Chairman:  Dr.  Karen  E.  Koch 

Major  Department:  Horticultural  Science  (Fruit  Crops) 

Water  and  carbon  budgets  were  examined  in  developing  fruit  of  grapefruit  (Citrus 
paradisi  Macf.)  and  calamondin  orange  (Citrus  madurensis  Lour.),  followed  by  analyses 
of  water  movement,  water  relations,  and  sugar  conversions  under  conditions  of  varied 
water  availability. 

Fruit  water  was  conserved  markedly  by  grapefruit  (but  not  calamondin)  after  initial 
expansion.  Maximal  carbon  accumulation  occurred  only  after  virtual  cessation  of  cell 
expansion  in  both  fruits.  Total  respiratory  losses  during  development  reduced  imported 
carbon  by  36%  and  23%  in  grapefruit  and  calamondin  orange,  respectively.  Growth  of 
1 grapefruit  was  estimated  to  cost  ca  126  g sucrose  and  1 .3  kg  water  (1 .6  g sucrose  and 
16  g water  g'1  DW). 
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Water  in  juice  sacs  was  found  to  be  markedly,  but  not  completely,  isolated  from 
the  transpiration  stream.  The  half-time  for  tritiated  water  loss  from  juice  sacs  ranged  from 
1 0 to  more  than  30  days.  Tritiated  water  exited  peel  6-fold  more  rapidly  than  juice  tissue. 

Total  water  losses  via  xylem  back-flow  and  transpiration  were  similar  in  the  system 
studied  here.  During  a 4-day  period,  xylem  back-flow  alone  accounted  for  a 5.4%  loss 
of  peel  water  and  a water  potential  drop  of  0.6  MPa.  Respective  values  for  juice  sacs 
were  only  1%  and  0.1  MPa. 

Water  and  sugar  parameters  appeared  to  stabilize  in  fruit  after  approximately  9 
days  of  water  stress.  Pre-stress  osmotic  status  was  regained  5 days  after  reirrigation,  but 
lost  after  only  3 days  of  additional  stress.  "Sweeter"  fruits  produced  under  mild  stress 
appeared  to  result  from  a decrease  in  fruit  size,  but  sugar  conversion  occurred. 

The  most  striking  observations  in  alternating  stress  experiments  were  dramatic 
sucrose-hexose  conversions  in  fruit  apparently  associated  with  osmotic  adjustment.  Total 
reducing  sugar  content  per  fruit  increased  41%  under  stress.  Sucrose  content  dropped 
accordingly,  but  the  conversion  increased  osmolality  by  1 5%  (commercial  juice  is  valued 
in  this  manner).  The  process  was  partially  but  rapidly  reversed  by  reirrigation. 
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CHAPTER  I 


INTRODUCTION 

The  relationship  between  water  availability  and  fruit  quality  may  be  mediated 
through  alterations  in  water  flow,  carbohydrate  translocation,  and/or  assimilate  metabolism 
during  fruit  growth.  Previous  research  has  shown  that  excesses  or  reductions  in  water 
supply  can  dramatically  influence  the  growth  and  quality  of  fruits  (Gardner  et  al.,  1939; 
Chalmers  et  al.,  1981;  1986;  Jones  et  al.,  1983).  Drought  stress  can  either  increase  or 
reduce  fruit  quality  depending  on  the  severity  and  timing  of  stress.  Elevated 
concentrations  of  sugars  and  other  flavor  components  can  result  if  mild  water  shortage 
reduces  fruit  expansion.  A drop  in  fruit  quality  is  often  noted,  however,  if  drought  stress 
substantially  decreases  the  rates  of  photosynthesis  and  transpiration  (Pallas  etal.,  1967; 
Schneider  and  Childers,  1941).  An  increase  in  amount  of  respiratory  C02  loss  relative  to 
photosynthesis  is  also  observed  when  water  availability  is  limited. 

Fruit  quality  can  be  adversely  affected  by  high  soil  moisture  and  high  relative 
humidity.  Such  conditions  may  result  in  fruit  cracking  (Frazier,  1934;  Gerhardt  et  al., 
1945;  Taylor  et  al.,  1958;  Uriu  et  al.,  1962;  Verner,  1935),  or  reduced  levels  of  soluble 
sugars  (Veihmeyer,  1972;  Veihmeyer  and  Hendrickson,  1950;  Moore  etal.,  1958;  Wight 
et  al.,  1962;  Pew  and  Gardner,  1983;  Wells  and  Nugent,  1980;  Nasharty  and  Ibrahim, 
1961;  Erickson  and  Richards,  1955;  Doneen  etal.,  1939;  Raese  etal.,  1982;  Ryall  et  al., 
1937;  Hendrickson  and  Veihmeyer,  1931;  Kimbrough,  1930).  Soil  waterlogging  may  also 
decrease  fruit  quality  by  reducing  stomatal  conductance,  carbon  assimilation, 
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photosynthate  translocation  and  increasing  respiratory  carbon  loss  of  the  plant  (West  and 
Taylor,  1984;  Brun  eta!.,  1985;  Davies  and  Flore,  1986;  Abbott  and  Gough,  1987;  Olien, 
1987). 

Clearly,  changes  in  water  supply  can  be  very  important  for  fruit  growth  and  quality. 
Selected  aspects  of  the  relationship  between  water  availability  and  fruit  quality  are 
investigated  in  the  proposed  research.  Experiments  focus  on  comparisons  of  water 
movement,  solute  movement,  and  carbon  metabolism  during  "normal"  fruit  growth  and 
also  under  specific  instances  of  altered  water  flow  into  and  through  fruit. 


CHAPTER  II 


LITERATURE  REVIEW 
Entry  of  Water  and  Carbon  into  Fruit 

Water  can  enter  fruit  via  both  xylem  and  phloem,  but  the  solutes  and  the  flow 
velocities  in  each  are  quite  different.  Phloem  exudates  possess  a high  content  of  soluble 
carbohydrate  while  xylem  sap  contains  mainly  nitrogenous  constituents  and  other  mineral 
elements.  Pate  et  al.  (1978)  reported  that  total  solute  levels  in  phloem  exudates  of 
Lupinus  albus  were  50  to  300  mg  ml'1,  and  carbohydrate  accounted  for  80  to  90%  of  this 
dry  matter.  Total  solute  levels  in  xylem  sap  were  only  1 to  20  mg  ml'1.  Peak  specific 
mass  transfer  in  sieve  tubes  of  the  same  species  were  estimated  to  be  3.95  g dry  matter 
cm'2  of  sieve  tube  per  hour,  compared  to  0.28  g cm'2  h'1  in  tracheids  plus  vessels.  The 
maximum  flow  velocity  in  sieve  tubes  was  22  cm  h'1  vs  1 47  cm  h'1  in  tracheids  plus 
vessels. 

The  relative  contribution  to  fruit  water  from  xylem  vs  phloem  appears  to  change 
diurnally.  Water  enters  tomato  fruit  largely  via  phloem  during  the  day,  but  at  night  arrives 
mainly  in  the  xylem  (Ehret  and  Ho,  1986).  Pate  et  al.  (1985)  found  that  cowpea  fruit 
imported  water  regularly  via  the  xylem  at  night,  less  frequently  in  the  early  morning  and 
only  rarely  in  the  afternoon.  Yamamoto  and  Watanabe  (1 980)  also  indicated  that  xylem 
flow  was  directed  toward  the  pear  fruit  at  night,  and  was  divided  between  leaves  and  fruits 
in  the  early  morning  and  evening.  During  the  day,  xylem  flow  was  directed  toward  leaves 
alone. 


3 


4 


The  entry  of  water  into  fruits  can  be  affected  by  transpiration  and/or  the  growth 
stage  of  fruit.  Boyer  (1985)  pointed  out  that  both  transpiration  and  the  stage  of  fruit 
growth  were  major  factors  controlling  water  inflow.  Geiger  (1 986)  suggested  that  the 
capacity  for  water  inflow  into  fruit  was  affected  solely  by  the  stage  of  fruit  growth.  High 
relative  humidity,  which  reduced  transpiration,  did  not  decrease  total  water  movement  into 
the  fruit.  Transpiration  by  leaves  can  also  affect  water  entry  into  fruits.  Mantell  et  al. 
(1 980)  demonstrated  that  defoliation  of  fruit-bearing  branches  decreased  the  uptake  and 
the  entry  of  water  into  citrus  fruits. 

The  generalization  that  fruit  water  tends  to  be  supplied  to  a greater  extent  by 
xylem,  and  dry  matter  by  phloem,  has  led  to  much  oversimplification  regarding  water  and 
solute  movement.  Pate  et  al.  (1 977,  1 978)  found  that  phloem  carried  97%  of  dry  matter 
entering  the  developing  legume  fruit,  but  also  27  to  40%  of  the  water.  Xylem  supplied  the 
remaining  water,  30%  of  the  minerals  and  10%  of  the  amino  acids.  Tomato  fruits  differ 
in  that  the  principal  source  of  water  for  fruit  growth  is  phloem  sap  (Ho  et  al.,  1 987).  The 
pattern  of  xylem  water  movement  in  grapes  appears  to  change  during  fruit  growth  (During 
et  al.,  1 987),  with  water  movement  occurring  mainly  in  the  peripheral  xylem  system  before 
veraison,  and  solely  in  the  axial  system  serving  the  seeds  after  veraison. 

Fruit  Photosynthesis 

The  vast  majority  of  assimilates  are  produced  by  leaves  during  photosynthesis  in 
light,  but  C02  fixation  also  occurs  in  fruit  (Todd  et  al.,  1961;  Phan,  1970;  Moreshet  and 
Green,  1980;  Blanke  and  Lenz,  1989).  Fruit  photosynthesis  is  well  documented  in  a 
range  of  species  including  apple  (Hulme  et  al.,  1967;  Jones,  1981;  Blanke,  1990),  pea 
(Flinn  et  al.,  1977;  Atkins  et  al.,  1977),  grape  (Kriedemann,  1968),  blueberry  (Flore  and 
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Hancock,  1990;  Birkhold  and  Darnell,  1990),  peach  (Pavel  et  al.,  1990),  tomato  (Starck 
and  Witek-Czuprynska,  1990),  olive  (Proietti  and  Tombesi,  1990),  and  sour  cherry  (Kappes 
and  Flore,  1990).  Studies  of  pea  and  soybean  indicate  that  pods  can  also  provide 
photosynthates  to  developing  seeds  by  reassimilation  of  respiratory  C02  (Atkins  et  al., 
1977).  In  young  green  apple,  olive,  or  citrus  fruit,  photosynthetic  C02  fixation  is  of 
sufficient  magnitude  to  conserve  20  to  80%  of  the  C02  released  by  dark  respiration, 
depending  on  the  stage  of  development  (Bean  and  Todd,  1960;  Bean  et  al.,  1963; 
Schaedle,  1975;  Proietti  and  Tombesi,  1990).  Fruit  photosynthesis  is  estimated  to 
contribute  about  1 1 % of  the  total  carbohydrates  required  for  blueberry  fruit  development 
(Birkhold  and  Darnell,  1990).  Similarly,  Kappes  and  Flore  (1990)  calculated  that  11.2% 
of  the  overall  carbon  required  for  sour  cherry  development  was  supplied  by  fruit 
photosynthesis. 

Fruit  photosynthesis  varies  with  environmental  factors  and  stage  of  fruit 
development.  Green  fruit  of  blueberry  showed  net  carbon  assimilation  rate  of  1.2  pmol 
C02  m'2  s'1  or  0.6  pmol  g'1  dry  weight  s'1  (Flore  and  Hancock,  1990),  whereas  in  peach, 
fruit  photosynthesis  ranged  in  0.08  nmol  C02  g’1  dry  weight  s'1  under  optimal 
environmental  conditions  (Pavel  et  al.,  1990).  Fruit  photosynthesis  was  reported  to 
decrease  during  fruit  ontogeny  in  citrus  (Bean  and  Todd,  1960;  Moreshet  and  Green, 
1980),  olive  (Proietti  and  Tombesi,  1990),  blueberry  (Birkhold  and  Darnell,  1990),  and  sour 
cherry  (Kappes  and  Flore,  1990).  Calculated  fruit  photosynthesis  of  blueberry  decreased 
from  14  jimol  to  1 nmol  C02  g'1  FW  h'1  between  petalfall  and  color  break  (Birkhold  and 
Darnell,  1 990).  In  sour  cherry,  fruit  photosynthesis  contributed  an  estimated  29.7%  of  the 
overall  fruit  carbon  requirement  during  stage  II,  whereas  the  contribution  was  only  1 .5% 
during  stage  III  (Kappes  and  Flore,  1990). 
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In  grapefruit,  assimilates  produced  by  fruit  photosynthesis  remained  almost  entirely 
in  the  peel  even  7 days  later.  Fruit  photosynthesis  is  therefore  likely  to  contribute  to 
development  of  peel  but  not  juice  sacs  of  these  fruit  (Yen  and  Koch,1990).  Little  other 
information  is  available  on  contributions  of  fruit  photosynthesis  to  development  of  fleshy 
fruits. 


Transoirational  Water  Loss  from  Fruit 

Considerably  less  transpirational  water  is  lost  from  fruit  than  from  leaves.  In  citrus, 
large  amounts  of  water  can  reportedly  be  drawn  from  fruit  to  leaves  by  the  higher  rates 
of  transpiration  in  the  latter  (Haas,  1 927).  The  direct  transpirational  loss  of  water  from  fruit 
was  minimal  relative  to  that  pulled  from  fruit  by  transpiring  leaves.  Mantell  et  al.  (1980) 
also  found  that  the  turnover  of  tritiated  water  in  vegetative  tissues  of  citrus  was  much 
greater  than  that  in  fruits. 

Transpiration  rate  in  fruits  is  affected  by  light,  soil  moisture,  temperature,  relative 
humidity  and  fruit  development.  Hendrickson  (1926)  reported  that  stomata  on  fruit 
surfaces  controlled  the  transpirational  loss  of  water.  He  found  that  fruits  of  trees  in  the 
genus  Prunus  growing  in  dry  soil  or  in  shaded  areas  showed  reduced  maximum  stomatal 
opening  and  water  loss  relative  to  those  growing  in  moist  soil  or  bright  sunlight.  More 
recently,  Noga  and  Lenz  (1982)  reported  that  transpiration  rate  of  apple  fruit  increased 
with  light  intensity,  and  decreased  when  temperature  or  relative  humidity  rose.  Syvertsen 
and  Albrigo  (1 980)  found  that  transpiration  decreased  during  citrus  fruit  development  due 
to  the  increase  of  cuticle  thickness  and  decrease  of  stomatal  density. 

Fruit  water  can  be  transpired  via  both  stomata  and  cuticle  (Possingham  et  al., 
1 967).  However,  stomatal  frequency  on  fruit  surfaces  is  typically  1 0 to  1 00  times  less  than 
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in  leaves  of  the  same  species  (Esau,  1977;  Blanke  and  Lenz,  1989).  Also,  in  some 
species  or  varieties,  responsiveness  of  fruit  stomata  may  decrease  with  fruit  ontogeny 
(Blanke  and  Leyhe,  1987).  Cuticular  transpiration  in  these  species  or  varieties  thus 
appears  to  increase  in  importance  relative  to  water  loss  from  fruit  surfaces.  In  grape 
varieties  such  as  ’Riesling’,  ’Muller-Thurgau’,  and  ’Ehrenfelser’,  the  proportion  of  the 
cuticular  transpiration  was  greater  for  berries  than  leaves,  and  increased  during  fruit 
development  (Blanke  and  Leyhe,  1987).  Cuticular  transpiration  one  week  after  petalfall 
accounted  for  81  to  87%  of  overall  transpiration  by  fruit  of  these  varieties  (Blanke  and 
Leyhe,  1988). 


Water  Loss  from  Fruit  via  Xvlem  Back-Flow 
Fruits  may  also  lose  water  by  xylem  back-flow.  Withdrawal  of  water  from  fruits  to 
other  tissues  via  reverse  xylem  flow  has  been  demonstrated  in  numerous  instances  by 
measuring  water  loss  from  fruit  of  intact  trees  after  fruit  transpiration  was  eliminated  using 
plastic  film  or  other  wraps  (Kozlowski,  1968).  Early  work  of  Haas  (1927)  indicated  that 
leaves  withdrew  moisture  from  fruits  when  daily  temperatures  were  high,  possibly 
contributing  to  the  so-called  "June  drop”  of  young  citrus  fruit.  Bartholomew  (1926) 
reported  that  the  deficit  of  fruit  water,  attributed  to  xylem  back  flow,  might  occur  at  night 
as  well  as  during  the  day,  and  could  last  for  3 to  4 weeks.  Kozlowski  (1 968)  in  his  study 
of  possible  xylem  back  flow  from  cherry  fruit  found  that  daily  shrinkage  of  fruit  occurred 
more  often  during  stage  II,  a mid-season  period  of  retarded  fruit  development.  In 
contrast,  fruit  showed  a strong  tendency  for  water  inflow  and  limited  fluid  loss  during 
stages  I and  III,  periods  of  rapid  cell  enlargement.  Elfving  and  Kaufman  (1972)  also 
suggested  that  reversible  shrinkage  of  citrus  fruit  was  caused  by  xylem  back-flow, 
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because  changes  in  fruit  volume  were  correlated  with  the  changes  in  fruit  and  leaf  water 
potential. 

Additional  work  has  also  indicated  that  fruit  can  serve  as  water  reservoirs  for  other 
tissues,  and  has  led  to  speculation  that  xylem  back-flow  can  indeed  occur  in  fruits  of 
many  species.  Diurnal  expansion  and  contraction  of  fruit  have  been  reported  for 
calamondin  orange  (Chaney  and  Kozlowski,  1971),  pear  (Yamamoto,  1983),  cowpea 
(People  etal.,  1985),  soybean  (Bennett  et a!.,  1984b),  lemon  (Bartholomew,  1926),  cherry, 
apple,  peach,  plum,  walnut,  avocado,  and  cucumber  (Kozlowski,  1968).  These  studies 
showed  that  fruit  contraction  occurred  even  under  conditions  where  direct  transpirational 
losses  were  blocked.  Tromp  (1 984)  demonstrated  that  direct  transpirational  loss  of  water 
from  fruit  was  very  minimal.  The  reverse  flow  of  water  from  apple  fruit  to  other  parts  of 
the  tree  was  considered  to  be  the  primary  factor  affecting  the  fruit  shrinkage.  In  contrast, 
Jones  and  Higgs  (1982)  indicated  that  large  portions  of  fruit  water  were  lost  by 
transpiration  in  apples,  while  relatively  little  water  flowed  from  fruit  to  other  tissues.  Thus 
far,  the  question  remains  open  as  to  the  extent  of  water  exit  from  fruit  via  xylem  back  flow, 
and  its  relationship  to  direct  water  loss  from  fruit  by  transpiration. 

Respiratory  Carbon  Loss  from  Whole  Plant  and  Fruit 

Most  research  on  respiration  in  fruit  species  has  involved  analysis  of  carbon  loss 
at  the  whole  plant  level  or  from  postharvest  fruits.  At  the  whole-plant  level,  Gifford  et  al. 
(1984)  indicated  that  about  40  to  50%  of  net  carbon  fixation  was  lost  by  true  respiration. 
True  respiration  is  comprised  of  growth  respiration  and  maintenance  respiration  (Gifford 
et  al.,  1 984).  The  significance  of  both  growth  and  maintenance  respiration  may  be  altered 
during  plant  growth.  Amthor  (1 984)  reported  that  growth  expenditure  was  more  important 
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early  in  plant  development.  As  plant  size  increased  and  relative  growth  rate  decreased, 
the  respiratory  cost  for  maintenance  became  more  significant. 

Respiratory  rate  generally  varies  with  level  of  mineral  nutrition,  plant  species,  rate 
of  plant  growth,  stage  of  plant  development,  and  environment  (Walker  and  Thornley, 
1 977;  Warrit  et  al.,  1 980;  Ryle,  1 984).  Lenz  (1 979)  pointed  out  that  a considerably  greater 
portion  of  C02  was  evolved  by  respiration  in  non-fruiting  plants  relative  to  fruiting  plants. 
Ryle  et  al.  (1 976)  reported  that  the  percentage  of  maintenance  respiration  increased  with 
high  temperature  and  low  light  intensity.  The  rate  of  the  maintenance  efflux  of  C02 
showed  a normal  temperature  response  of  Q10=2.  Working  with  the  translocation  of 
carbohydrates  in  young  grapefruit  trees  at  low  temperature,  Purvis  and  Yelenosky  (1 983) 
also  pointed  out  that  at  nonfreezing  low  temperature,  maintenance  respiration  was 
decreased  to  the  point  that  carbohydrates  not  only  accumulated  in  leaves  but  also  were 
translocated  to  fruit  tissues.  Accumulation  of  carbohydrates  was  correlated  with  chilling 
resistance  of  citrus  fruit.  In  addition,  Reuveni  and  Gale  (1985)  found  that  raising  the  C02 
level  reduced  the  respiration  rate. 

Sink  cells  can  be  classified  as  utilization  sinks  or  storage  sinks.  In  utilization  sink 
cells,  large  amounts  of  imported  sugar  are  consumed  by  respiration.  Ho  (1 986)  indicated 
that  40  to  65%  of  imported  sugar  is  respired  in  roots  of  barley  and  sunflower.  Clearly, 
mature  fruit  is  a storage  sink  organ,  and  carbon  loss  by  respiration  has  been  well 
characterized  during  ripening  and  postharvest  handling.  However,  young,  growing  fruit 
can  additionally  be  regarded  as  utilization  sinks.  Respiratory  carbon  loss  from  developing 
fruit  should  be  relatively  greater  than  that  of  mature  fruit.  Blueberry  fruit,  for  example, 
respired  14  pmol  C02  g'1  fresh  weight  h'1  at  petal  fall,  whereas  respiration  drops  to  3 
pmol  C02  g'1  fresh  weight  h'1  at  color  break  (Birkhold  and  Darnell,  1990).  Respiration 
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rate  also  decreases  with  fruit  growth  of  peach;  however,  increases  were  evident  at  fruit 
maturity  (Pavel  et  al.,  1990).  Apple  fruit  reportedly  respires  1.4  g C02  per  fruit  per  year, 
equivalent  to  a loss  of  only  7.7%  of  the  imported  carbon  (Blanke,  1990).  In  contrast, 
DeJong  (1 990)  estimated  that  peach  fruit  respired  32  to  42%  of  their  total  fruit  dry  weight 
during  development. 

Respiratory  carbon  loss  not  only  decreases  fruit  sugar  content  but  is  also 
considered  responsible  for  size  reduction  in  some  instances.  Bower  and  Blanke  (1990) 
demonstrated  that  young  ’Valencia’  orange  fruit  respired  twice  as  much  C02  as  did  Navel 
oranges.  ’Valencia’  fruit  also  respired  rapidly  for  2 months  longer  than  did  the  Navel 
orange  fruit.  A concommittent  reduction  in  fruit  size  was  also  observed  in  ’Valencia’ 
oranges.  In  cooler  citrus  growing  areas,  small  fruit  problems  are  not  as  common, 
presumably  because  of  the  lesser  respiratory  carbon  loss  (Bower  and  Blanke,  1990). 
Respiratory  carbon  loss  at  different  stages  of  development  can  thus  be  important  to  fruit 
quality,  fruit  size  and  total  yield.  Reduction  of  respiratory  carbon  loss  and  increase  of 
carbon  accumulation  could  benefit  several  aspects  of  fruit  production. 

Possibility  of  Carbon  Loss  via  Xylem  Back-Flow 

One  possible  explanation  for  sugar  loss  from  fruit  is  linked  to  that  of  water  loss  via 
xylem  back-flow.  Xylem  back-flow  has  been  implicated  in  a broad  range  of  developing 
plant  structures  and  extracellular  sugars  may  potentially  be  "washed  out*1  of  fruits  by  back- 
flow  of  xylem  sap.  However,  it  is  still  unclear  whether  or  not  this  mechanism  could 
contribute  to  carbohydrate  depletion  under  the  described  conditions. 

Theoretically,  apoplastic  sugar  can  be  washed  out  of  the  extracellular  space  and 
move  into  xylem.  Symplastic  sugar  cannot  be  washed  away,  but  may  become  vulnerable 
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in  instances  where  sugar  efflux  into  the  extracellular  space  occurs  (Cosgrove,  1986). 
Simon  (1 977)  found  that  90%  of  electrolytes  and  soluble  carbohydrate  moved  out  of  cells 
in  2-3  hours  when  disks  of  apple  fruit  tissue  were  placed  in  water.  He  suggested  that 
cells  of  apple  fruit  will  burst  in  water,  thus  releasing  sugars  into  the  extracellular  space. 
He  also  found  that  leakage  from  cells  of  other  soft  fruits,  such  as  grape,  tomato,  plum, 
banana  and  melon,  was  as  rapid  and  extensive  as  from  apple  under  the  same  conditions. 
Sugar  leakage  from  fruit  slices  was  very  much  slower  than  from  hard  tissues  such  as 
potato  tuber,  beet  root,  onion  bulb,  lettuce  leaf,  and  the  fruit  of  cucumber.  In  addition, 
other  evidence  shows  that  the  rate  of  sugar  efflux  is  not  closely  related  to  the  sugar 
content  in  the  tissue,  but  is  highly  correlated  with  the  amount  of  water  in  the  free  space 
(Ehwald  et  al.,  1980;  Glasziou,  1960).  Ho  (1988)  suggested  that  sugar  concentration 
inside  the  vacuole  may  not  be  determined  by  the  supply  of  sugars  outside  the  cell,  but 
rather,  may  be  adjusted  osmotically  by  the  solute  potential  of  the  sap  within  the  vacuole. 
Sugar  concentration  inside  the  cell  may  therefore  be  markedly  affected  by  changes  in  the 
water  potential  of  the  apoplast. 

If  sugar  can  be  lost  from  fruit  under  certain  conditions,  then  the  type  of  sugar 
stored  and/or  released  may  be  related  to  the  extent  of  the  efflux  process.  Theoretically, 
non-specific  diffusion  through  the  plasmalemma  should  proceed  more  rapidly  for  hexoses 
than  sucrose  because  of  the  difference  in  molecular  size.  Although  sucrose  is  found  to 
be  the  preferred  substrate  for  storage  in  sink  organs  of  many  species,  glucose  and 
fructose  are  the  major  storage  sugars  in  many  small  fruits  (Kliewer,  1966;  Matthews  et 
al-,  1987;  Matsui  et  al.,  1985).  Whiting’s  review  (1970)  of  fruit  sugars  also  indicated  that 
there  was  little  or  no  sucrose  in  cherry,  fig,  currant,  grape,  mulberry,  pomegranate,  or 
tomato  fruits.  The  major  sugars  in  those  fruits  were  glucose  and  fructose.  In  species 
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such  as  blackberry,  cranberry,  date,  gooseberry,  melon,  pear,  plum,  and  raspberry,  fruit 
sucrose  content  was  much  lower  than  glucose  or  fructose.  It  may  thus  be  possible  that 
under  conditions  stimulating  sugar  efflux  from  cells,  more  sugars  could  move  into  the 
extracellular  space  in  species  which  store  hexoses  vs  sucrose.  The  resulting  apoplastic 
sugars  would  then  be  vulnerable  to  loss  from  fruit  by  xylem  back  flow  when  water 
availability  is  altered. 


Effect  of  Water  Availability  on  Fruit  Quality 

Quality  of  many  fruit  is  often  dramatically  affected  both  by  overall  water  availability 
and  by  fluctuations  in  water  supply.  The  "sweetness"  of  fruit  almost  always  decreases 
after  an  extended  period  of  increased  rainfall  or  irrigation.  Much  evidence  from  studies 
of  peach  (Veihmeyer,  1972;  Veihmeyer  and  Hendrickson,  1950),  tomato  (Moore  et  al., 
1958;  Wight  et  al.,  1962),  muskmelon  (Pew  and  Gardner,  1983;  Wells  and  Nugent,  1980), 
plum  (Nasharty  and  Ibrahim,  1961),  apple  (Jones  era/.,  1983;  1985),  orange  (Erickson 
and  Richards,  1955;  Cooper  etal.,  1963),  watermelon  (Doneen  era/.,  1939),  pear  (Raese 
era/.,  1982;  Ryall  etal.,  1937),  grape  (Hendrickson  and  Viehmeyer,  1931)  and  strawberry 
(Kimbrough,  1 930)  have  indicated  that  sugar  concentration  decreases  under  conditions 
of  high  water  availability. 

Clearly,  more  water  entry  has  the  potential  to  dilute  the  sugar  concentration  in  the 
fruit,  but  dilution  alone  may  not  be  adequate  to  explain  the  entirety  of  effects  observed 
in  the  field.  Additional  factors  may  also  be  involved,  such  as  changes  in  solution  flow  or 
metabolism.  In  other  words,  the  reduction  of  fruit  sweetness  may  be  attributed  both  to 
the  decrease  of  sugar  concentration  caused  by  dilution  and  to  the  decrease  of  total  sugar 
content  caused  by  other  factors  when  water  availability  is  altered.  However,  evidence 
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relating  to  this  possibility  is  scanty  and  the  mechanism  whereby  rapid  increase  in  water 
availability  quickly  decreases  fruit  sweetness  is  still  not  clear. 

There  are  several  possibilities  in  addition  to  sugar  dilution  which  may  cause  a 
decrease  of  fruit  sugar  content  when  water  availability  is  altered: 

A.  Fruit  respiration  may  increase,  resulting  in  greater  sugar  consumption. 

B.  The  conversion  of  sugar  to  other  organic  substances  may  be  accelerated. 

C.  Sugar  may  be  "washed  out"  of  fruits  by  xylem  back  flow. 

None  of  these  hypotheses  have  been  tested. 

Osmotic  adjustment  under  Water  Stress 

Tolerance  to  water  stress  usually  involves  the  development  of  low  osmotic 
potential,  which  leads  to  the  maintenance  of  turgor  and  hence  continued  plant  growth 
(Morgan,  1984;  Boyer  et  al.,  1985).  The  term  "osmotic  adjustment"  or  "osmoregulation" 
have  been  widely  used  to  describe  solute  accumulation  in  response  to  water  stress.  This 
process  also  includes  the  changes  in  solute  content  which  occur  during  plant  recovery 
from  water  stress  (Hellebust,  1976;  Zimmermann,  1978;  Morgan,  1984). 

V 

Turgor  can  be  partially  or  fully  maintained  by  osmotic  adjustment  during  water 
stress  via  reduction  in  the  outflow  of  water  from  the  cell.  There  is  considerable  variation 
in  the  extent  to  which  turgor  can  be  maintained  by  osmoregulation.  Full  turgor  has 
reportedly  been  achieved  by  osmoregulation  under  moderate  stress  in  the  leaves  of 
sorghum  and  maize  (Fereres  etal.,  1978),  sugar  beet  (Biscoe,  1972),  and  apple  (Goode 
and  Higgs,  1973),  whereas  partial  turgor  maintenance  has  been  observed  in  leaves  of 
sunflower  (Jones  and  Turner,  1978),  sorghum  (Turner  et  al.,  1978),  and  some  tropical 
forages  (Wilson  et  al.,  1980). 
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Osmoregulation  in  response  to  water  stress  occurs  regularly  in  expanding  organs, 
such  as  roots  (Sharp  and  Davies,  1979),  leaves  (Jones  and  Tumer.1980;  Michelena  and 
Boyer,  1982),  hypocotyls  (Meyer  and  Boyer,  1972;  1981),  and  inflorescences  (Morgan, 
1980;  Munns  et  al.,  1979).  The  capacity  for  osmoregulation  may  be  gradually  lost  after 
expansion  if  stress  is  absent  (Ackerson  and  Hebert,  1981).  However,  if  plants  are 
hardened  by  stress,  the  capacity  for  osmoregulation  may  remain  unchanged  or  even 
increase  with  age  (Morgan,  1980;  1984).  Osmotic  adjustment  can  also  occur  in  response 
to  slowly  developed  water  stress  during  the  growing  season  (Jones  et  a/.,  1985).  This 
adjustment  is  typically  more  marked  in  field  trees  than  in  those  cultivated  in  containers. 
A total  osmotic  adjustment  of  about  3 MPa  is  not  uncommon  in  response  to  severe  water 
stress  of  field-grown  trees  (Fereres  et  al.,  1979).  An  active  adjustment  of  2.0  to  2.5  MPa 
was  observed  over  the  season  in  field-grown  apple  trees  (Lakso  etal.,  1984),  whereas  no 
significant  changes  were  detected  in  container-grown  apples  subjected  to  stress  (Davies 
and  Lakso,  1979).  In  other  studies,  a decline  in  osmotic  potential  of  only  0.5  MPa 
between  July  and  September  was  observed  when  containerized  apple  trees  were  stressed 
(Goode  and  Higgs,  1973).  Young  etal.  (1982)  observed  only  slight  osmotic  adjustment 
in  containerized  peach  seedlings  under  severe  stress.  This  adjustment  was  inadequate 
to  maintain  substantial  turgor.  Containerized  grapevines  also  exhibited  an  osmotic 
adjustment  of  only  0.4  MPa  even  in  the  most  severely  stressed  plants  (During,  1 985).  The 
reason  why  containerized  trees  do  not  osmotically  adjust  as  effectively  as  field-grown 
trees  is  not  clear  (Jones  et  al.,  1985). 

Sugars  and  amino  acids  are  major  constituents  of  osmotic  adjustment  in 
expanded  leaves  of  many  species  (Acevedo  et  al.,  1979;  Ackerson,  1981;  Jones  et  al., 
1980;  Munns  and  Weir,  1981).  In  expanding  organs,  osmotic  adjustment  is  entirely 
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dependent  on  imported  carbohydrates  (Barlow  et  a/.,  1977;  Meyer  and  Boyer,  1981). 
Changes  in  potassium  level  may  also  contribute  substantially  to  osmotic  adjustment  (Ford 
and  Wilson,  1981;  Wilson  and  Ludlow,  1983b)  and  may  occur  in  concert  with  those  of 
sugars  and  amino  acids  (Jones  et  al.,  1980).  In  other  reports,  however,  variations  in 
potassium  level  were  not  accompanied  by  changes  in  concentration  of  sugars,  amino 
acids,  or  organic  acids  (Cutler  and  Rains,  1978;  Cutler  et  al.,  1977).  Some  osmotic 
adjustment  may  also  be  attributed  to  organic  acids  (malate,  citrate),  nitrate,  and  chloride 
ions  (Cutler  and  Rains,  1978;  Cutler  et  al.,  1977). 

The  degree  of  osmotic  adjustment  may  also  be  affected  by  stress  preconditioning. 
Plants  which  have  been  previously  exposed  to  water  stress  show  a greater  capacity  for 
osmotic  adjustment  (Jones  and  Rawson,  1979;  Morgan,  1980),  because  solutes 
accumulated  during  the  preconditioning  stress  may  not  dissipate  fully  immediately  after 
rewatering  (Morgan,  1984).  However,  solutes  which  accumulate  in  response  to 
prestressing  are  eventually  dissipated  if  no  further  water  stress  occurs  (Jones  and 
Rawson,  1979;  Takami  eta!.,  1981). 

Water  and  Sugar  Movement  in  Citrus  Fruit 

Structural  attributes  of  citrus  fruit  suggest  that  water  and  sugar  movement  may 
differ  from  that  in  other  fruit  species.  Water  enters  a citrus  fruit  via  the  vascular  bundles 
in  albedo,  then  may  either  move  through  the  exocarp  and  evaporate  on  the  surface 
(Kaufmann,  1970),  or  enter  juice  sacs  via  hair-like  strands  of  parenchyma  cells  (Lowell, 
1987;  Koch  and  Avigne,  1990).  Kaufmann  (1970)  concluded  that  vesicles  were  not 
involved  in  the  pathway  of  water  leading  to  fruit  transpiration,  but  were  located  at  the  end 
of  the  carbohydrate  translocation  pathway.  Thus,  the  transpirational  water  loss  from  fruit 
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was  considered  to  arise  from  the  albedo  rather  than  from  the  juice  sacs,  and 
carbohydrates  which  had  already  entered  these  sacs  could  not  readily  move  outward. 
If  true,  then  albedo  would  be  the  only  possible  source  of  water  loss  or  sugar  efflux  from 
citrus  fruit. 

Sugar  transport  into  juice  segments  of  citrus  fruit  originates  primarily  from  source 
leaves  in  direct  vertical  alignment  to  them  (Koch,  1984a;  Koch  and  Avigne,  1984).  The 
fruit  quarter  directly  aligned  with  a given  source  leaf  receive  77  and  85%  of  the  assimilates 
in  sweet  orange  and  grapefruit  respectively  (Koch,  1984a).  The  majority  of 
photosynthates  enroute  to  citrus  juice  tissues  enter  fruit  via  dorsal  vascular  bundles,  after 
exiting  the  phloem  outside  juice  segments,  and  move  through  the  remainder  of  the 
nonvascular  path,  i.e.  segment  epidermis  and  juice  sac  stalks  (Koch,  1984b;  Koch,  1985; 
Koch  etal.,  1986).  Translocation  of  sugar  through  this  post-phloem  area  can  apparently 
be  delayed  many  hours  by  temporary  storage  and/or  equilibration  with  sugars  along  the 
path  (Koch  et  al.,  1986;  Koch  and  Avigne,  1990).  Postphloem  transfer  can  follow  highly 
localized  avenues  through  nonvascular  areas  up  to  3 cm  in  total  length  (Lowell,  1987; 
Koch  and  Avigne,  1990).  Photosynthates  are  often  partially  hydrolyzed  during  the  slow 
translocation  through  non-vascular  areas  (Koch,  1984b;  Lowell  et  al.,  1989;  Koch  and 
Avigne,  1990).  In  addition,  post-phloem  transfer  was  observed  to  proceed  against  an 
ascending  sucrose  gradient  during  early  tissue  expansion,  whereas  a descending 
gradient  developed  later  in  maturation  (Koch  and  Avigne,  1990;  Koch  etal.,  1990). 


CHAPTER  111 


WATER  AND  CARBON  BUDGETS 
DURING  DEVELOPMENT  OF  CITRUS  FRUIT 

Introduction 

Both  water  and  carbon  balance  of  fruit  are  important  to  fruit  quality  (Deng  et  a!., 
1 990).  Ample  water  for  full  cell  turgor  is  essential  to  maximal  expansion  and  eventual  fruit 
size  (Mitchell  and  Chalmer,  1982;  Morgan,  1984;  Mitchell  etal.,  1984).  Carbon  input  must 
be  great  enough  to  allow  for  both  structural  synthesis  and  solute  accumulation.  The  latter 
is  necessary  for  continued  cell  expansion  as  well  as  development  of  fruit  "sweetness." 
Fruit  water  balance  includes  entry  via  both  xylem  and  phloem  (Pate  et  ai,  1977,  1978), 
accumulation  in  fruit,  and  losses  due  to  either  direct  fruit  transpiration  (Syvertsen  and 
Albrigo,  1980)  and/or  xylem  back-flow  to  transpiring  leaves  (Elfving  and  Kaufmann,  1972; 
Haas,  1927;  Kozlowski,  1968).  Water  movement  into  fruit  can  be  affected  by  the  stage 
of  fruit  development  as  well  as  the  rate  of  fruit  transpiration  (Boyer,  1985).  Substantial 
amounts  may  enter  via  the  phloem  and  Ho  et  al.  (1987)  estimate  that  this  may  be  the 
primary  avenue  of  water  influx  into  tomato  fruit.  Fruit  development  also  appears  to 
markedly  affect  the  rate  of  direct  water  loss  from  its  surface  due  to  factors  such  as 
decreased  surface/volume  ratio,  increased  cuticle  thickness  (Syvertsen  and  Albrigo, 
1980),  decreased  stomatal  frequency  (Esau,  1977;  Blanke  and  Lenz,  1989),  and/or 
decreased  stomatal  responsiveness  (Blanke  and  Leyhe,  1987). 
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A high  fruit  sugar  content  depends  heavily  on  import  of  photosynthetic  products, 
and  is  also  influenced  by  fruit  photosynthesis  and  respiration.  Substantial  fruit 
photosynthesis  has  been  documented  in  a wide  range  of  species  (Jones,  1981 ; Blanke, 
1990;  Flinn  et  al.,  1977;  Kriedemann,  1968;  Flore  and  Hancock,  1990;  Birkhold  and 
Darnell,  1990;  Pavel  et  al.,  1990;  Starck  and  Witek-Czuprynska,  1990;  Proietti  and 
Tombesi,  1990;  Kappes  and  Flore,  1990).  Photosynthetic  C02  fixation  in  fruit  of  green 
apples,  olives  and  citrus  is  of  sufficient  magnitude  to  conserve  20  to  80%  of  the  C02 
released  by  dark  respiration,  depending  on  the  stage  of  development  (Bean  and  Todd, 
1960;  Bean  et  al.,  1963;  Schaedle,  1975;  Proietti  and  Tombesi,  1990).  Fruit 
photosynthesis  is  estimated  to  contribute  approximately  1 0%  of  the  total  carbohydrates 
required  for  fruit  development  in  blueberry  (Birkhold  and  Darnell,  1990)  and  sour  cherry 
(Kappes  and  Flore,  1990).  Contributions  of  fruit  photosynthesis  vary  widely  during 
development.  Substantial  rates  of  carbon  fixation  (14  pmol  C02  g'1  FW  h'1  above 
respiratory  C02  refixation)  has  been  reported  in  very  young  fruit  of  blueberry  (Birkhold 
and  Darnell,  1990).  Respiratory  rates  also  typically  decrease  during  fruit  development. 
Although  this  process  provides  energy  for  metabolic  conversions,  growth  and 
maintenance  processes  within  the  fruit  (Jones,  1981),  it  reduces  carbon  available  for 
sugar  accumulation.  DeJong  (1990)  estimated  that  peach  fruit  respired  as  much  as  32 
to  42%  of  their  total  fruit  dry  weight  during  development  compared  to  about  8%  in  apple 
(Blanke,  1990). 

Previous  research  on  the  balance  between  water  relations  and  carbon  balance  has 
centered  primarily  on  leaves  (Syvertsen,  1982;  Sinclair  and  Allen,  1982;  Bennett  et  al., 
1984a;  Turner,  1986;  Robinson  and  Bower,  1987;  Andersen  and  Brodbeck,  1988a,b; 
Robinson  and  Bower,  1988;  Deng  et  al.,  1989;  Frederick  et  al.,  1989;  Henson  et  al., 
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1989a,b;  Jensen  et  al.,  1989),  or  whole  plant  (Bhagsari  et  al.,  1976;  Tan  and  Buttery, 
1982;  Morgan  and  Austin,  1983;  Ruhl  and  Alleweldt,  1983;  Reuveni  and  Gale,  1985; 
Cohen  eta!.,  1985, 1987;  Bunce,  1988;  Sukumaran  etal.,  1989;  Deng  etal.,  1990).  Other 
studies  have  focused  on  respiration  and  water  loss  from  postharvest  fruit  (Daito  and  Sato, 
1984;  Kim  and  Oogaki,  1986;  Weichmann,  1986;  Boersig  etal.,  1988;  Pesis  and  Avissar, 
1989;  Ke  etal.,  1990;  Klein  and  Lurie,  1990).  Comparatively  little  is  known  about  specific 
water  and  carbon  demands  of  developing  fruit  or  the  balance  of  either  during  growth. 
When  is  total  carbon  influx  into  fruit  the  greatest?  When  is  their  total  water  use  maximal? 
What  is  the  relationship  between  the  two? 

The  situation  in  citrus  fruit  also  poses  a special  problem.  Water  loss  from  juice 
sacs  appears  to  be  extremely  limited  (Mantell  et  al.,  1980;  Kaufmann,  1970).  Tritiated 
water  showed  little  turn-over  within  3 days  after  entry  into  sacs  (Mantell  et  al.,  1980),  and 
Kaufmann  (1 970)  described  them  as  being  essentially  isolated  from  the  path  of  water 
movement  through  fruit.  This  could  have  significant  implications  for  water  conservation 
and  sugar  accumulation.  Sugar  entry  into  phloem-free  juice  sacs  may  involve  some  form 
of  mass  flow  (Koch,  1985;  Koch  and  Avigne,  1990).  However,  actual  flow  appears  to  be 
limited  and  water  entry  into  juice  tissues  of  a given  grapefruit  does  not  exceed  1 to  2 ml 
day'1  (Koch  and  Avigne,  1 990).  Of  additional  interest  in  citrus  fruit  is  a substantial  activity 
of  PEP  carboxylase  and  a capacity  for  refixation  of  respiratory  C02  by  juice  sacs. 

The  purpose  of  this  research  was  to  quantify  the  import,  loss  and  balance  of  water 
and  carbon  during  development  of  citrus  fruit,  and  to  clarify  the  relationship  between 
water  status  and  carbon  balance  during  this  period.  Fruit  of  grapefruit  (Citrus  paradisi 
Macf.)  and  calamondin  ( Citrus  madurensis  Lour.)  were  examined  throughout  their  growth 
with  respect  to  transpiration,  respiration,  fruit  photosynthesis,  water  use  efficiency  and 
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accumulation  of  water  and  carbon.  Grapefruit  and  calamondin  were  selected  to 
encompass  a broad  range  in  overall  size  and  structural  features  in  citrus  fruit. 

Materials  and  Methods 

Plant  Materials 

Experimental  fruit  were  produced  on  10-year-old  grapefruit  trees  ( Citrus  paradisi 
Macf.)  and  6-year-old  calamondin  trees  ( Citrus  madurensis  Lour.)  in  50-  and  10-liter 
containers,  respectively,  using  "Metro  Mix  500"  medium  (W.  R.  Grace  Co.,  Cambriged, 
MA).  Calamondins  were  grown  in  a greenhouse,  whereas  the  containerized  grapefruit 
trees  were  grown  on  outdoor  gravel  beds  at  the  University  of  Florida. 

Fruit  Transpiration  and  Carbon  Exchange 

Transpirational  water  loss  and  net  C02  exchange  were  measured  periodically 
throughout  fruit  development.  Ten  fruit  were  examined  at  each  sampling  point.  Fruit  were 
examined  every  15  days  for  the  first  2 to  3 months  after  anthesis,  and  at  45-  to  60-day 
intervals  thereafter.  Individual,  experimental  fruit  (tagged  at  anthesis)  were  enclosed  in 
a small  Plexiglass  chamber  and  continuously  flushed  with  ambient  air  at  500  ml  min'1. 
Transpirational  water  loss  from  fruit  was  calculated  as  the  difference  between  water 
content  of  air  before  and  after  movement  through  the  chamber.  Relative  humidity  of  the 
airstream  was  measured  by  a condensation  dew  point  hygrometer  (System  1100DP, 
General  Eastern  Instruments  Co.  Watertown,  MA).  Respiratory  carbon  loss  from  fruit  was 
measured  by  quantifying  increases  in  C02  concentration  over  time  after  switching  the 
chamber  airflow  to  a recycling  mode.  The  C02  samples  were  analyzed  with  a gas 
chromatograph  (Model  1200,  Fisher  Scientific  Co.  Pittsburgh,  PA).  Water  and  carbon  loss 
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from  fruit  were  quantified  in  both  light  and  dark  to  facilitate  calculation  of  24  hour  water 
and  carbon  balances.  For  sampling  in  darkness,  the  chamber  was  covered  with  several 
layers  of  aluminum  foil  and  allowed  to  equilibrate  for  20  minutes  before  measurements 
were  begun.  Constant  rates  of  water  and  carbon  loss  were  observed  after  light-dark 
transition  periods  of  this  duration.  Fruit  photosynthesis  was  calculated  as  the  difference 
between  net  carbon  exchange  in  light  and  dark. 

Fruit  Water,  Carbon,  and  Nitrogen  Content 

Fresh  and  dry  weights  of  fruit  were  determined  at  each  sampling  point  during  the 
experimental  period.  Each  was  weighed  immediately  following  measurement  of 
transpiration  and  net  carbon  exchange.  Dry  weight  was  measured  after  samples  were  cut 
into  ca  3 to  5 g pieces  and  dried  at  78  to  80°  C for  4 days.  Water  content  in  fruit  was 
calculated  by  subtracting  dry  weight  from  fresh  weight.  Total  carbon  and  nitrogen  content 
of  dried  fruit  tissues  were  determined  by  atomic  absorption  using  a Nitrogen  Analyzer  (NA 
1500,  Carlo  Erba  Strumentazione,  Italy).  Samples  were  prepared  by  grinding  each  to  a 
fine  powder  in  liquid  nitrogen  and  lyophilizing  for  6 days. 

Calculation  of  Fruit  Water  and  Carbon  Budgets 

Total  water  demand  in  developing  fruit  was  estimated  by  combining  data  on 
transpirational  water  loss  and  water  accumulation  (xylem  back-flow  was  not  included). 
The  significance  of  fruit  transpiration  to  total  water  balance  of  growing  fruit  was 
determined  by  comparing  the  water  loss  from  the  fruit  to  its  total  water  demand.  Water 
use  efficiency  of  developing  fruit  (mg  DM  g'1  H20)  was  computed  by  dividing  dry  weight 
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gain  by  total  water  utilization  (water  accumulation  in  fruit  plus  transpirational  water  loss 
from  fruit)  at  each  stage  of  development. 

Total  carbon  influx  (import  plus  fruit  photosynthesis)  at  a given  stage  of  fruit 
development  was  computed  from  data  on  fruit  carbon  loss  via  respiratory  C02  release, 
dry  weight  gain,  and  total  carbon  content.  The  significance  of  fruit  respiration  to  total  fruit 
carbon  balance  during  growth  was  estimated  by  comparing  the  respiratory  carbon  loss 
from  the  fruit  to  its  total  carbon  influx.  Carbohydrate  cost  for  fruit  growth  (g  sucrose  g'1 
DM)  was  calculated  by  dividing  total  carbon  demand  of  the  fruit  (carbon  gain  plus 
respiratory  carbon  loss)  by  the  carbon  content  of  its  dry  weight  gain,  then  converting  to 
sucrose. 


Results 

Water  Budget 

Rate  of  transpirational  water  loss  from  fruit  per  unit  fresh  weight  decreased 
continuously  during  development  of  both  grapefruit  and  calamondin,  but  did  so  most 
markedly  during  the  first  2 months  after  anthesis  (Fig.  3-1,  A1  and  B1).  In  grapefruit, 
transpiration  rate  was  similar  in  light  and  dark,  but  in  calamondin,  water  loss  was 
significantly  more  rapid  in  light  during  anthesis  and  again  during  a period  from  45  to  90 
days  later.  When  transpiration  was  expressed  on  a whole  fruit  basis,  developmental 
changes  in  the  two  fruit  differed.  In  grapefruit,  rate  of  transpirational  water  loss  increased 
rapidly  during  stage  I and  early  stage  II,  coinciding  with  substantial  gains  in  fruit  volume 
and  surface  area.  A decrease  in  rate  of  net  water  loss  per  fruit  was  evident  thereafter  in 
grapefruit,  with  relatively  low  rates  of  water  loss  maintained  throughout  subsequent 
expansion  and  maturation  (Fig.  3-1,  A2).  In  contrast,  transpirational  water  loss  from 


Fig.  3-1.  Water  budget  in  developing  fruit  of  (A)grapefruit  and  (B)calamondin:  (A1)  and 
(B1 ) net  water  loss  per  gram  fresh  weight,  (A2)  and  (B2)  net  water  loss  per  fruit, 
(A3)  and  (B3)  total  water  content  in  fruit.  Intact,  attached  fruit  were  used  for  all 
measurements.  Error  bars  denote  the  SE  of  10  samples. 
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calamondin  fruit  increased  gradually  until  the  beginning  of  stage  III  (fruit  at  the  green-to- 
orange  transition),  then  declined  during  final  fruit  maturation  (Fig.  3-1,  B2).  Total  water 
content  in  both  grapefruit  and  calamondin  fruit  increased  very  slowly  during  stage  I, 
rapidly  during  stage  II  (majority  of  expansion),  and  slowed  in  the  final  stages  of  maturation 
(Fig.  3-1,  A3  and  B3).  Rate  of  water  accumulation  by  developing  fruit  of  grapefruit 
increased  gradually  and  peaked  at  approximately  2 g fruit'1  d'1  during  stage  II  (from  2.5 
to  8 months  after  anthesis)  (Fig.  3-2,  A1).  During  the  subsequent  maturation  stage, 
however,  the  mean  water  accumulation  rate  dropped  to  less  than  one  seventh  of  that  in 
stage  II.  Like  grapefruit,  developing  calamondin  fruit  accumulated  water  most  rapidly 
during  the  expansion  stage  (from  4.5  to  6 months  after  anthesis  in  this  instance),  and 
acquired  little  new  water  (ca  0.01  g fruit'1  d'1)  during  the  final  maturation  stage  (Fig.  3-2, 
B1).  Rates  of  water  loss  by  transpiration  from  both  citrus  fruit  (Fig.  3-2,  A2  and  B2) 
changed  during  development  in  a manner  similar  to  those  of  total  apparent  daily  water 
influx  (Fig.  3-2,  A3  and  B3).  This  likeness  was  due  to  the  low  rate  of  water  accumulation 
relative  to  the  rate  of  transpirational  loss  from  the  fruit. 

Carbon  Budget 

A comparison  of  fruit  carbon  balance  during  development  of  grapefruit  and 
calamondin  shows  that  net  carbon  loss  per  unit  fresh  weight  decreased  markedly  during 
growth  of  both  citrus  fruit  (Fig.  3-3,  A1  and  B1).  Calamondin  oranges  showed  a 
somewhat  greater  capacity  for  C02  fixation  in  the  light,  resulting  in  little  or  no  net  loss  of 
respiratory  C02  in  the  light  during  most  of  fruit  development.  Although  minimal,  positive 
carbon  balance  values  per  g FW  were  also  indicated  in  the  light  at  several  points  during 
development  (Fig.  3-3,  B1). 


Fig.  3-2.  Rate  of  net  water  use  by  developing  fruit  of  (A)grapefruit  and  (B)calamondin: 
(A1)  and  (B1)  rate  of  water  accumulation,  (A2)  and  (B2)  rate  of  net  water  loss  by 
transpiration,  (A3)  and  (B3)  rate  of  total  net  water  entry.  Intact,  attached  fruit  were 
used  for  all  measurements.  Vertical  bars  represent  mean  rates  calculated  for 
periods  between  sample  points  which  were  as  follows:  0,  0.5,  1 , 1 .5,  2.5,  3.5,  5, 
8,  and  10  months  after  anthesis  for  grapefruit,  and  0,  1,  2,  3,  4.5,  6,  7.5,  and  9 
months  after  anthesis  for  calamondin.  Error  bars  denote  the  SE  of  1 0 samples. 
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Fig.  3-3.  Carbon  budget  in  developing  fruit  of  (A)grapefruit  and  (B)calamondin:  (A1)  and 
(B1)  net  carbon  loss  per  gram  fresh  weight,  (A2)  and  (B2)  net  carbon  loss  per 
fruit,  (A3)  and  (B3)  total  carbon  content  in  fruit.  Intact,  attached  fruit  were  used 
for  all  measurements.  Error  bars  denote  the  SE  of  1 0 samples. 
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Developmental  changes  in  net  carbon  loss  per  fruit  differed  between  grapefruit  and 
calamondin  (Fig.  3-3,  A2  and  B2).  Grapefruit  size  continued  to  increase  throughout  much 
of  its  development;  however,  rate  of  C02  release  did  not  follow.  Carbon  losses  per  fruit 
increased  until  2.5  months  after  anthesis,  when  rates  per  fruit  began  to  drop.  These 
reductions  continued  for  the  subsequent  2.5  months.  From  5 months  after  anthesis  until 
fruit  maturation,  rates  of  whole  fruit  C02  release  again  increased,  reaching  maximal  levels 
during  final  stages  of  maturation  (Fig.  3-3,  A2).  In  contrast,  net  carbon  losses  from  whole 
calamondin  fruit  changed  in  parallel  with  fruit  growth,  when  based  on  C02  release  in  the 
dark.  In  the  light,  however,  C02  release  per  fruit  remained  low  during  the  expansion 
period  and  net  photosynthesis  was  observed  periodically.  Losses  of  C02  in  the  light 
increased  toward  fruit  maturation  (Fig.  3-3,  B2). 

The  increase  of  total  carbon  content  in  developing  fruit  (Fig.  3-3,  A3  and  B3)  was 
proportional  to  that  of  dry  weight  (data  not  shown).  Elemental  carbon  content,  expressed 
as  % of  dry  weight,  remained  very  stable  throughout  development  of  both  grapefruit  and 
calamondin  fruit.  About  44%  and  46%  of  the  dry  weight  was  comprised  of  carbon  in  peel 
and  pulp  respectively  (data  not  shown).  Total  carbon  content  of  both  fruit  increased 
slowly  at  first,  and  rose  more  rapidly  thereafter. 

Daily  rates  of  net  carbon  loss  from  developing  grapefruit  and  calamondin  fruit  (Fig. 
3-4,  A2  and  B2)  bore  no  apparent  relationship  to  the  rates  of  carbon  accumulation 
(compare  to  Fig.  3-4,  A1  and  B1).  In  grapefruit,  rate  of  net  carbon  loss  per  fruit  increased 
during  early  growth,  then  mean  rates  dropped  to  about  half  at  3.5  to  5 months  after 
anthesis.  Carbon  was  lost  at  increasing  rates  toward  fruit  maturation,  and  was  maximal 
in  mature  fruit  (Fig.  3-4,  A2).  Rates  of  net  carbon  loss  from  calamondin  fruit  increased 
continuously  throughout  development  (Fig.  3-4,  B2). 


Fig.  3-4.  Rate  of  carbon  use  by  developing  fruit  of  (A)grapefruit  and  (B)calamondin:  (A1) 
and  (B1)  rate  of  carbon  accumulation,  (A2)  and  (B2)  rate  of  carbon  loss,  (A3)  and 
(B3)  rate  of  total  carbon  influx.  Intact,  attached  fruit  were  used  for  all 
measurements.  Vertical  bars  represent  mean  rates  calculated  for  periods  between 
sample  points  which  were  as  follows:  0,  0.5,  1,  1.5,  2.5,  3.5,  5,  8,  and  10  months 
after  anthesis  for  grapefruit,  and  0, 1 , 2,  3,  4.5,  6,  7.5,  and  9 months  after  anthesis 
for  calamondin.  Error  bars  denote  the  SE  of  10  samples. 


Rate  of  net 

Rate  of  total  carbon  influx  carbon  loss  Rate  of  carbon  accumulation 

(mg  fruit'1  cf1)  (mg  fruit  ’d'1)  (mg  fruit  ’d1) 


32 


Months  after  anthesis 


t I ■ II  ■ HI  , I . II  . Ill  , 

Stage  of  development 


6 

4 

2 

0 

2 

1 

0 

8 

6 

4 

2 

0 


33 


Calculated  daily  total  carbon  influx  (import  plus  fruit  photosynthesis)  for  both  fruit 
(Fig.  3-4,  A3  and  B3)  more  closely  resembled  that  of  daily  carbon  accumulation  (Fig.  3-4, 
A1  and  B1)  than  the  rate  of  C02  loss  (Fig.  3-4,  A2  and  B2).  Total  fruit  carbon  influx  was 
fairly  constant  during  the  majority  of  fruit  growth  in  grapefruit.  This  was  due  in  part  to  the 
rapid  increase  in  carbon  accumulation  after  the  first  month  of  growth  and  the  relatively 
low  rate  of  C02  release  until  the  last  2 months  of  development.  Daily  fruit  carbon  influx 
actually  decreased  significantly  during  fruit  expansion  period  in  calamondin  (Fig.  3-4,  B3). 
Total  carbon  influx  increased  markedly  during  the  final  maturation  stage  for  both  fruit  due 
to  high  rates  of  both  dry  weight  accumulation  and  respiratory  C02  loss. 

Water  Use  Efficiency 

Water  use  efficiency  in  developing  fruit  (Table  3-1)  was  considered  to  be  the  dry 
weight  gain  (proportional  to  carbon  accumulation  in  Fig.  3-4,  A1  and  B1)  per  total 
apparent  water  influx  (Fig.  3-2,  A3  and  B3)  during  a given  period  of  time.  Reverse  water 
flow  out  of  fruit  via  xylem  back-flow  would  not  have  contributed  to  the  apparent  water 
influx  into  the  fruit  or  have  affected  fruit  water  use  efficiency  as  defined  here.  A significant 
difference  in  water  use  efficiency  was  found  between  grapefruit  and  calamondin  fruit 
throughout  all  of  development.  Differences  were  most  pronounced  in  the  most  mature 
fruit.  Those  of  grapefruit  showed  extensive  water  conservation,  accumulating  193  mg  of 
dry  matter  for  each  1 g of  apparent  water  influx  into  the  fruit.  In  grapefruit,  net  water  use 
per  given  amount  of  dry  matter  accumulation  was  also  substantial  in  expanding  fruit,  and 
net  water  use  efficiency  in  this  stage  remained  fairly  constant  at  ca  45  to  55  mg  DM  g'1 
water.  During  the  early  cell  division  stage,  however,  water  use  efficiency  fluctuated 


Table  3-1 . Water  use  efficiency  in  developing  fruit  of  grapefruit  and  calamondin" 
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Values  are  the  means  of  10  samples±SE. 

Water  use  efficiency  was  calculated  by  dividing  rate  of  dry  weight  accumulation  by  rate  of  total  water  influx. 
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widely  from  4 to  96  mg  DM  g'1  water.  In  developing  calamondin  fruit,  however,  mean 
water  use  efficiency  was  consistently  less  than  22  mg  DM  g'1  water. 

Carbohydrate  Cost 

The  carbohydrate  cost  for  given  periods  of  fruit  growth  were  estimated  throughout 
development  and  were  expressed  as  grams  of  sucrose  required  to  produce  one  gram  of 
dry  weight  (Table  3-2).  Differences  were  not  significant  between  carbohydrate  cost  to 
produce  1 g of  grapefruit  or  calamondin  fruit.  In  fact,  both  generally  needed  less  than  2 
g sucrose  to  produce  1 g dry  matter  during  most  of  the  development  period.  Flowers 
and  fruit  less  than  0.5  month  after  anthesis  had  a greater  carbohydrate  cost  per  g dry 
weight  than  did  fruit  at  all  other  development  stages.  During  earliest  growth,  mean 
sucrose  demands  were  3.5  and  4.9  g g'1  DW  in  grapefruit  and  calamondin  fruit 
respectively. 

Fruit  Photosynthesis 

Calculated  rates  of  flower  and  fruit  photosynthesis  showed  that  in  grapefruit  (Fig. 
3-5,  A1 ) flowers  fixed  some  C02  but  not  as  much  as  fruit  during  their  first  month  after 
anthesis.  Subsequent  fruit  photosynthesis  decreased  per  unit  fresh  weight,  dropping  from 
374  mg  C02  kg’1  FW  h'1  at  0.5  month  after  anthesis,  to  about  only  20  mg  C02  kg'1  FW 
h'1  in  fruit  5 to  1 0 months  post  anthesis.  In  contrast,  calamondin  flowers  and  small  fruit 
0.5  month  after  anthesis  did  not  appear  to  fix  C02  (Fig.  3-5,  B1).  Rates  of  C02  exchange 
at  these  stages  were  essentially  the  same  in  light  and  dark  (refer  back  to  Fig.  3-3,  B2). 
Later  in  development,  fruit  of  both  calamondin  and  grapefruit  fixed  carbon  continuously 
until  green  color  was  lost.  Fruit  photosynthesis  per  unit  fresh  weight  peaked  in  grapefruit 


Table  3-2.  Carbohydrate  cost  for  fruit  growth  of  grapefruit  and  calamondin.' 
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Values  are  the  means  of  10  samples±SE. 

Carbohydrate  cost  was  calculated  by  dividing  total  carbon  demand  by  dry  weight  gain,  then  converting  to  sucrose. 


Fig.  3-5.  Calculated  fruit  photosynthesis  in  (A)grapefruit  and  (B)calamondin:  (A1)  and 
(B1)  C02  fixation  per  kg  fresh  weight  per  hour,  (A2)  and  (B2)  C02  fixation  per  fruit 
per  day.  Intact,  attached  fruit  were  used  for  all  measurements.  Fruit 
photosynthesis  was  estimated  as  the  difference  of  respiratory  carbon  loss  in  light 
and  darkness.  Error  bars  denote  the  SE  of  10  samples. 


Calculated  fruit  photosynthesis 


38 


Grapefruit 


400 


A1 

X 


X-N  300 


LL  200 


U) 

o 

O 

TO 

E 


100 


YA 


2 


21 


id 


vz 


AY7WWA 


-100- 


A2 


120 


100  - 


80  - 


V 


O 

O 

TO 

E 


60 


40 


20  - 


3 


21 


£ 


1 


Calamondin 


B1 


/ 2 
/ 2 
2 2 

SB 


% 


la® 


21 


B2 


-400 


•300 


•200 


100 


-100 


-mP/CT 


M 

m 


30 


25 


20 


15 


10 


5 


2.5  5 10  0 1 2 

Months  after  anthesis 


9 


IL 


ilL 


I 


IL 


XU 


Stage  of  development 


39 


less  than  1 month  after  anthesis  (374  mg  Kg'1  FW  h'1),  and  in  calamondin  fruit  1 to  2 
months  after  anthesis  (255  mg  kg'1  FW  h'1)  (Fig.  3-5,  A1  and  B1). 

Rates  of  calculated  whole  fruit  photosynthesis  increased  throughout  the  majority 
of  both  grapefruit  and  calamondin  fruit  development.  Photosynthesis  decreased  in 
mature  calamondin  fruit,  but  not  in  grapefruit  (Fig.  3-5,  A2  and  B2).  Overall  fruit 
photosynthesis  in  grapefruit  refixed  32.3%  of  carbon  released  from  respiration,  and 
contributed  9.9%  of  the  total  carbon  requirement  for  fruit  development  (calculated  from 
data  in  Fig.  3-4  and  3-5). 


Discussion 

Water  Budget  and  Water  Use  Efficiency 

An  analysis  of  water  and  carbon  budgets  in  citrus  fruit  showed  developmental 
changes  and  species  contrasts,  which  in  turn  implicated  several  attributes  of  the  fruit  most 
likely  to  affect  their  capacity  for  water  and  carbon  retention.  In  general,  water  use 
efficiency  in  fruit  crops  (on  a whole  plant  basis)  is  greater  than  that  of  other  crops  (Faust, 
1 989).  Information  on  water  use  efficiency  in  developing  fruit  are  scanty,  however.  In  this 
study,  cumulative  water  use  efficiencies  for  fruit  of  grapefruit  and  calamondin  were  64.2 
and  11.03  mg  DM  g*1  H20,  respectively  (calculated  from  data  in  Table  3-1).  Previous 
studies  showed  that  water  use  efficiencies  of  legume  fruits  ranged  from  1 25  mg  DM  g'1 
H20  in  developing  cowpea  fruit  (People  et  al.,  1985),  to  36.2  mg  DM  g'1  H20  in  pea  fruit 
(Flinn  et  al.,  1977).  The  lesser  values  were  more  typical  of  other  legumes  (Pate  et  a!., 
1 977).  The  generally  greater  water  use  efficiency  in  fruit  of  grapefruit  is  due  to  both  water 
conservation  (Fig.  3-1 , A2  and  Fig.  3-2,  A2)  and  comparatively  high  rates  of  dry  weight 
accumulation  (Fig.  3-4  Al). 
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Water  conservation  by  fruit  of  grapefruit  increases  after  early  expansion.  Rates  of 
both  dry  weight  accumulation  (similar  to  carbon  in  Fig.  3-4,  A1  and  B1)  and  calculated 
water  use  efficiency  peaked  during  the  final  maturation  stage  (Table  3-1 ).  Elevated  water 
use  efficiency  was  also  evident  in  calamondin  oranges  during  their  final  maturation, 
however  these  fruit  were  considerably  less  water  conserving  than  were  grapefruit  prior  to 
this  point. 

Differences  in  water  loss  from  leaves  or  fruit  have  been  attributed  to  stomatal 
factors,  cuticular  properties,  and  surface  areas  in  instances  when  experimental 
environments  have  been  uniform  (Jones  etal.,  1985;  Sinclair  and  Allen,  1982;  Baker  and 
Procopiou,  1980).  Many  fruit  have  stomata  which  are  morphologically  and  functionally 
similar  to  those  of  leaves  (Turrel  and  Klotz,  1940;  Kaufmann,  1972;  Esau,  1977),  but 
stomatal  frequency  in  fruit  is  typically  10  to  100  times  less  than  in  leaves  of  the  same 
plant  (Esau,  1977;  Blanke  and  Lenz,  1989;  Ishida  et  al.,  1990).  In  citrus,  the  number  of 
stomata  per  fruit  appears  to  be  determined  before  petalfall,  then  remains  constant 
throughout  fruit  development  (Soule  and  Grierson,  1986).  Thus,  stomatal  density 
decreases  with  fruit  growth,  from  a maximum  at  anthesis  of  1 0 to  20  stomata  mm"2,  to  6 
to  8 stomata  mm'2  within  a week,  and  finally  to  less  than  1 stomata  mm"2  as  fruit  mature 
(Blanke  and  Lenz,  1989).  The  decrease  in  fruit  water  loss  per  unit  fresh  weight  observed 
during  fruit  growth  (Fig.  3-1,  Al  and  B1)  is  consistent  with  the  reduction  in  stomatal 
density. 

The  formation  of  cuticle  on  the  fruit  surface  may  also  contribute  to  the  decreased 
water  loss  during  fruit  development.  Fruit  of  many  species  with  coverings  of  cutin  and 
wax  show  reduced  water  loss  (Soule  and  Grierson,  1986;  Blanke  and  Lenz,  1989; 
Chandler,  1 957).  Citrus  fruit  cuticle  consists  of  an  inner  layer  and  an  outer  layer  of  cutin, 
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with  waxy  materials  embedded  within  and  over  the  cuticular  surface  (Soule  and  Grierson, 
1986).  Composition  of  fruit  cutin  can  change  during  fruit  growth,  and  its  components 
typically  undergo  continual  renewal  as  fruit  develop  (Freeman,  1978).  Also,  cuticle 
thickness  often  increases  during  fruit  growth  (Bain,  1958;  Schneider,  1968;  Kolattukudy, 

1 984;  El-Otmani  et  al.,  1 986).  In  young  fruit,  transpiration  rate  is  relatively  high  due  to  the 
thin  or  interrupted  cuticle,  compared  to  the  mature  fruit  in  which  most  stomata  are 
covered  by  a thick  cuticle.  Studies  of  apples  (Lenz  and  Blanke,  1983;  Lang,  1990)  and 
oranges  (Syvertsen  and  Albrigo,  1 980)  have  indicated  that  decreases  in  fruit  water  loss 
are  coincident  with  the  processes  of  cuticle  formation.  In  the  present  study,  rates  of  water 
loss  and  water  use  efficiency  suggest  that  the  cuticular  layer  may  well  have  thickened  on 
the  fruit  surface  of  grapefruit  much  earlier  than  on  calamondin  (Fig.  3-1 , A 2 vs  B2;  Fig.  3- 
2,  A2  vs  B2).  Further  anatomical  observations  are  required  to  support  the  latter 
suggestion. 

The  6-  to  8-  fold  greater  rates  of  water  loss  g'1  FW  from  calamondin  fruit  relative 
to  grapefruit  are  probably  also  due  to  the  greater  surface/volume  ratio  in  calamondin  fruit 
(Grierson  and  Ben-Yehoshua,  1986),  the  different  stomatal  density  among  fruit  of  citrus 
species  (Turrel  and  Klotz,  1940),  the  thinner  peel  (Sinclair  ,1961),  and  the  smaller  overall 
physical  distance  isolating  juice  sacs  of  calamondin  from  the  fruit  exterior  (stalks  of 
individual  sacs  are  shorter).  The  thick  albedo  of  grapefruit  is  rich  in  pectic  compounds 
which  may  diminish  the  velocity  of  water  movement  through  it  and  reduce  transpiration. 
Also,  the  stalks  of  grapefruit  juice  vesicles  are  long,  usually  1 to  2 cm,  and  may  reach 
lengths  of  up  to  3.5  cm  (Koch,  1984b;  Koch  and  Avigne  1990).  Water  from  large  parts 
of  the  interior  may  be  unavailable  for  rapid  loss.  The  contrasting  water  conservation  by 
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grapefruit  and  calamondin  fruit  in  the  present  study  emphasizes  the  importance  of  the 
contributing  structural  and  compositional  features. 

Carbon  Budget  and  Carbohydrate  Cost  of  Fruit  Production 

Fruit  respiration  per  unit  weight  varies  with  species  and  developmental  stage. 
Data  in  Fig.  3-3  A1  and  B1  are  consistent  with  previous  studies  of  citrus  and  apple. 
Respiration  of  citrus  ovaries  is  known  to  be  high  in  flowers,  subsequently  dropping  during 
the  first  and  second  stages  of  fruit  growth  (Erickson,  1968;  Soule  and  Grierson,  1986). 
In  apple  fruit,  carbon  loss  via  dark  respiration  declined  during  development,  from  1 20  ng 
C02  g'1  FW  s'1  in  June  to  less  than  3 ng  C02  g'1  FW  s'1  by  September  (Jones,  1981). 
In  contrast,  C02  production  per  unit  fresh  weight  did  not  appreciably  change  during  the 
entire  period  of  tomato  fruit  growth  (Wolterbeek  et  al.,  1987). 

Respiratory  C02  loss  per  fruit  increased  as  calamondin  oranges  enlarged,  however 
carbon  losses  from  grapefruit  decreased  substantially  during  expansion  and  rose  only 
during  final  maturation  (Fig.  3-3,  A2  and  B2  compared  to  Fig.  3-3,  A3  and  B3).  Data  on 
calamondin  fruit  (Fig.  3-3,  B2)  are  consistent  with  previous  studies  on  citrus  showing  that 
respiratory  carbon  loss  per  fruit  typically  increases  during  fruit  expansion  (Soule  and 
Grierson,  1986;  Flinn  et  al.,  1977).  Data  on  grapefruit  (Fig.  3-3,  A2)  are  less  typical, 
however.  Cuticle  formation  and  also  stomatal  plugging  may  diminish  gas  exchange  rate 
early  in  fruit  expansion,  and  favor  refixation  of  respiratory  C02  via  either  photosynthesis 
or  action  of  PEP  carboxylase  (Yen,  1987).  Water  losses  recorded  in  the  present  study 
(Fig.  3-1 , A2  and  B2)  also  suggest  that  grapefruit  cuticle  probably  thickened  prior  to  that 
of  calamondin  fruit.  Final  increases  in  grapefruit  size,  surface  area  and  total  respiration 
eventually  may  have  countered  effects  of  early  cuticle  thickening. 
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Calculations  of  fruit  respiration  relative  to  total  carbon  influx  (carbon  import  plus 
fruit  photosynthesis)  showed  that  about  20  to  35%  and  45%  of  total  carbon  was  respired 
in  fruit  of  grapefruit  during  stage  II  and  stage  III,  respectively  (data  not  shown). 
Corresponding  values  for  calamondin  fruit  were  1 2 to  1 6%  and  27%.  People  et  al.  (1 985) 
reported  that  only  19.3%  of  total  carbon  was  lost  by  respiration  in  developing  cowpea 
fruit.  In  peach,  DeJong  (1990)  found  that  32  to  42%  of  fruit  dry  weight  was  lost  by 
respiration  during  fruit  growth  and  development.  Blanke  (1 990)  indicated  that  respiratory 
carbon  loss  from  apple  fruit  was  equivalent  to  7.7%  of  total  carbon.  Overall,  carbon 
losses  from  developing  fruit  of  both  calamondin  and  grapefruit  were  considerably  greater 
than  that  in  apple. 

Carbohydrate  cost  per  gram  dry  weight  peaked  during  the  early  fruit  development 
of  both  grapefruit  and  calamondin  (Table  3-2).  The  relatively  high  lipid  content  in  the  peel 
at  this  stage  (Soule  and  Grierson,  1 986)  may  contribute  to  a high  growth  cost.  Later,  less 
marked  rises  in  respiratory  C02  losses  by  grapefruit  may  have  been  related  to  elevated 
action  of  the  alternate  respiratory  path  in  albedo  (Purvis,  1988;  1989)  which  would  require 
greater  C02  loss  to  provide  an  equal  level  of  ATP. 

Overall,  data  indicate  that  carbon  allocation  to  developing  grapefruit  is  similar 
throughout  the  9-month  period  following  initial  cell  division.  A young  expanding  fruit  1 
month  after  anthesis  thus  accumulates  approximately  the  same  amount  of  carbon  each 
day  as  does  one  3 or  8 months  later.  Total  carbon  influx  is  also  roughly  similar 
throughout  the  period  from  1 to  8 months  after  anthesis  in  grapefruit.  These  data  suggest 
that  the  carbohydrate  cost  of  an  entire  cropload  may  be  remarkably  similar  during  the 
majority  of  the  growing  season.  However,  data  shown  here  on  both  fruit  types  indicate 
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that  the  late  season  "sweetening"  of  citrus  fruit  may  represent  a substantial  elevation  in 
carbohydrate  cost  of  the  cropload. 

With  few  exceptions,  C02  fixation  by  fruit  tends  to  decrease  during  fruit  maturation 
(Blanke  and  Lenz,  1989).  In  the  present  study,  fruit  photosynthesis  per  unit  fresh  weight 
decreased  during  fruit  growth  and  development  in  both  calamondin  and  grapefruit  (Fig. 
3-5,  A1  and  B1).  The  result  is  consistent  with  previous  research.  In  grapefruit,  the  overall 
fruit  photosynthesis  contributed  to  9.9%  of  total  carbon  requirement  for  fruit  development. 
The  result  is  similar  to  previous  research  in  blueberry  (Birkhold  and  Darnell,  1 990)  and 
sour  cherry  (Kappes  and  Flore,  1990). 

Conclusions 

Water  and  carbon  budgets  in  developing  citrus  fruit  were  quantified  and 
summarized  as  follows: 

1 . Water  loss  by  grapefruit  slowed  dramatically  after  early  expansion  whereas  calamondin 

lost  water  continuously  until  final  maturation  began. 

2.  The  water  use  efficiency  by  fruit  of  grapefruit  was  similar  to  that  of  water  conserving 

legume  fruit  (People  et  ai,  1985),  and  substantially  greater  than  that  of  other 
legumes  (Flinn  et  a/.,  1977;  Pate  et  al.,  1977)  or  calamondin  fruit. 

3.  Throughout  fruit  development,  total  influx  of  water  and  carbon  were  largely  functions 

of  transpiration  and  dry  weight  accumulation,  respectively. 

4.  Total  respiratory  losses  were  36%  and  23%  of  total  fruit  carbon  for  grapefruit  and 

calamondin,  respectively. 
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5.  A period  of  reduced  fruit  carbon  accumulation  is  evident  near  the  end  of  the  expansion 

phase  in  both  grapefruit  and  calamondin  coinciding  with  final  phase  of  water 
accumulation.  The  cause  remains  unclear. 

6.  Total  estimated  carbon  and  water  cost  for  grapefruit  growth  indicated  that  126  g 

sucrose  (1 .6  g Sucrose/g  DW)  and  1 ,229  g water  (1 5.6  g H20/g  DW)  would  be 
necessary  for  production  of  a 464  g fruit  (79  g dry  weight)  at  20  to  22°  C and  53 
to  57%  relative  humidity. 


CHAPTER  IV 


LONG-TERM  RETENTION  OF  TRITIATED  WATER 
BY  JUICE  SACS  OF  INTACT  CITRUS  FRUIT 

Introduction 

Primary  among  the  diverse  functions  of  water  in  fleshy  fruit  are  those  of  cell 
expansion  and  sugar  entry.  Cell  turgor  and  subsequent  expansion  are  extremely 
sensitive  to  water  availability  (Morgan,  1984;  Nonami  and  Boyer,  1989;  1990).  Expansion 
of  developing  fruit  is  thus  likely  to  depend  heavily  on  a favorable  cell  water  status 
(Mitchell  and  Chalmer,  1982;  Mitchell  etal.,  1984;  Boyer,  1985).  Water  also  functions  as 
a transport  agent  for  sugars  and  other  solutes  which  are  believed  to  enter  fruit  via  mass 
flow  of  water  in  phloem.  In  addition,  cell  turgor  in  sugar-importing  structures  affects 
phloem  unloading  and  the  capacity  for  sugar  compartmentalization  in  storage  cells  (Wyse 
etal.,  1986). 

Kaufmann  (1 970)  reported  that  water,  after  entering  citrus  fruit  through  vascular 
bundles  in  the  inner  peel,  may  either  diffuse  through  the  exocarp  and  be  transpired  from 
the  surface,  or  cross  endocarp  and  enter  juice  sacs.  He  concluded  that  transpirational 
water  loss  from  fruit  originated  in  the  albedo  alone,  and  that  juice  vesicles  were  not 
involved  in  the  path  of  water  movement  during  fruit  transpiration.  Koch  and  Avigne  (1 990) 
indicated  that,  instead  of  crossing  segment  epidermis,  water  and  carbohydrates  enroute 
to  juice  sacs  follow  segment  epidermis  (which  invaginates  with  and  surrounds  each 
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individual  juice  vesicle).  Anatomical  observation  did  not  identify  any  structural  features 
at  the  bases  of  these  sacs  which  could  block  efflux  of  juice  sac  water  (Lowell,  1987). 

Further  study  of  water  balance  in  citrus  fruit  (Chapter  III)  showed  that  rate  of  total 
apparent  water  entry  peaked  early  in  fruit  expansion  and  decreased  thereafter.  The 
greatest  rate  of  carbon  accumulation  by  fruit  of  both  grapefruit  and  calamondin  orange 
occurred  immediately  prior  to  final  maturation,  whereas  little  water  was  accumulated  at 
this  stage.  However,  these  data  describe  whole  fruit,  leaving  the  pathways  of  water 
movement  within  them  unclear. 

Clarification  of  water  movement  through  and  within  fruit  will  allow  an  appraisal  of 
the  water  conserving  attributes  associated  with  unusual  structural  features  of  citrus  fruit, 
and  also  will  enable  photosynthate  translocation  to  be  investigated  with  reference  to 
information  on  water  movement. 

The  objectives  of  this  research  were  to  characterize  water  movement  into,  within, 
and  out  of  citrus  fruit,  and  to  determine  the  extent  to  which  juice  sacs  are  hydraulically 
isolated.  The  degree  of  tritiated  water  retention  by  citrus  juice  sacs  was  explored  by 
following  its  movement  into,  through,  and  out  of  grapefruit  tissues  at  different  stages  of 
development  and  during  periods  of  extended  drought. 

Materials  and  Methods 
Water  Movement  in  Detached  Branches 

Grapefruit  attached  to  either  intact  trees  or  detached  branches  were  used  to  follow 
entry,  internal  redistribution,  and  exit  of  water.  Branches,  each  with  one  fruit  and 
approximately  5 leaves,  were  harvested  from  10  to  12-year-old  grapefruit  trees  ( Citrus 
paradisi  Macf.)  in  Lake  Wales,  Florida.  Each  branch  was  placed  in  its  own  water  supply. 
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Tritiated  water  was  introduced  into  branches  and  fruits  by  transferring  the  cut  ends  of 
stems  to  3H20  (1  (iCi  ml'1).  This  tritiated  water  supply  was  replaced  with  unlabelled  water 
after  24  hours.  All  branches  were  suspended  under  constant  illumination  at  1 ,000  jimol 
m'2  s'1,  22  to  25°  C,  and  a relative  humidity  of  85  to  90%.  Movement  and  turnover  of 
tritium  was  traced  in  stem,  leaf,  peel,  and  juice  tissue  by  quantifying  total  radiolabel 
extracted  from  sequential  samples  of  each.  Stems,  leaves,  and  fruit  parts  (peel  and  juice 
tissues)  were  separated,  then  dissected,  ground,  and  extracted  in  80%  ethanol  (Koch, 
1984a).  Tissue  radiolabel  was  quantified  by  standard  liquid  scintillation  spectrometry 
(LKB,  Gaitherburg,  Md). 

A total  of  20  branches  with  fruit  were  analyzed  in  the  first  experiment  from  late 
September  to  October  in  1 987,  with  5 harvested  at  each  time  point  either  1 , 3,  5 or  1 5 
days  after  initial  absorption  of  tritiated  water.  Total  radioactivity  in  juice  tissue  increased 
continuously  during  the  entire  15-day  experimental  period.  For  this  reason,  duration  of 
subsequent  experiments  was  extended  to  45  days.  In  addition,  stems  and  leaves  were 
not  sampled  after  the  first  5 days  because  radiolabel  in  these  tissues  had  decreased  to 
very  low  levels  within  this  time. 

The  pathway  of  water  movement  through  branches  and  fruits  was  compared  at 
different  developmental  stages  during  January  and  August  in  1988,  and  in  January  and 
June  in  1 989.  A total  of  25  fruited  branches  were  analyzed  in  each  of  these  experiments, 
with  5 harvested  at  each  time  point.  The  final  fruit  samples  in  June,  1 989  were  harvested 
1 0 days  early  due  to  sporadic  fungal  activity  on  these  young  fruit. 

The  length  of  the  experimental  period  increased  the  possibility  of  detectable  tritium 
transfer  from  water  to  carbohydrate  (Jenner,  1985a).  Therefore,  the  potential  presence  of 
tritium  label  in  compounds  other  than  water  was  investigated  in  all  samples  by 
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determining  levels  of  radiolabel  remaining  after  complete  drying  under  air-flow  for  7 days. 
The  capacity  for  juice  sac  water  retention  could  also  have  been  underestimated  if 
substantial  tritium  were  transferred  to  or  equilibrated  with  unlabelled  water  (Jenner,  1 985a; 
Mantell  et  al.,  1980).  Water  loss  from  tissues  of  20  non-tritiated  control  fruit  was  thus 
examined  for  comparison  to  that  of  tritiated  water  to  determine  if  the  loss  of  radioactivity 
approximately  corresponded  to  the  decrease  in  water  content. 

Water  Movement  in  Fruit  on  Intact  Trees 

Movement  of  tritiated  water  was  also  followed  in  fruit  of  intact,  container-grown 
trees  after  a slow,  controlled  injection  of  tritiated  water  into  fruit  pedicels.  Grapefruit  trees, 
ca  10  years  old,  were  grown  in  50  liter  containers  with  "Metro  Mix  500"  medium  (W.  R. 
Grace  Co.,  Cambrige,  MA).  Trees  were  grown  outdoors  on  gravel  beds  at  the  University 
of  Florida,  Gainesville,  FL.  Intact,  attached  branches  with  single  fruit  were  selected  for 
injection  of  tritiated  water.  A 1 ml  syringe  was  inserted  into  the  center  of  each  pedicel 
about  2 cm  from  the  fruit.  A constant,  gentle  pressure  was  maintained  on  the  inner 
cylinder  of  each  syringe  for  2 to  3 days  using  a rubber  band  anchored  to  the  outer 
cylinder.  The  majority  of  this  period  was  typically  required  for  complete  injection  of  0.1 
ml  of  tritiated  water  (111  jiCi  ml'1).  Thereafter,  half  of  the  trees  were  exposed  to  drought 
stress  (each  received  500  ml  of  water  at  4 day  intervals),  and  the  remainder  were  irrigated 
to  saturation  daily.  Soil  moisture  was  measured  by  tensiometer  during  the  experimental 
period.  Tritiated  water  in  stem,  leaf,  peel,  and  pulp  fractions  was  quantified  as  described 
for  experiments  with  detached  branches. 

The  first  intact-tree  experiment  was  performed  from  September  1 988  to  February, 
1 989  (late  stage  II  to  stage  III  of  fruit  development),  with  5 samples  harvested  at  each  time 
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point  either  1,  30  or  150  days  after  injection.  Thirty  fruits  were  used  in  the  first 
experiment.  Similar  studies  were  conducted  from  July  to  November  in  1989  and  1990, 
respectively  (stage  II  to  early  stage  III  of  fruit  development),  with  more  frequent  sampling 
periods  (1,  10,  30,  60,  90  and  120  days  after  injection). 

Results 

Movement  of  3H2Q  in  Detached  Fruit-bearing  Branches 

Tritiated  water  movement  into  grapefruit  juice  sacs  in  the  first  set  of  experiments 
was  slow,  however,  once  the  tritiated  water  entered  the  sacs,  it  was  retained  for  the 
duration  of  the  experiment  (Fig.  4-1).  A minimum  of  5 days  were  required  for  peak  levels 
of  a tritiated  water  pulse  to  reach  juice  sacs  after  absorption  by  the  subtending  branch. 
Entry  of  tritiated  water  into  fruit  was  essentially  completed  at  least  2 days  prior  to 
observed  maximal  labelling  of  sacs.  Little  or  no  turnover  of  label  from  sacs  was  evident 
during  the  following  1 0 days,  and  the  vast  majority  of  tritiated  water  in  sacs  was  typically 
retained  for  at  least  60  days  in  all  but  the  youngest  fruit  examined. 

A large  portion  of  tritiated  water  appeared  to  be  temporarily  stored  in  the  peel 
immediately  after  entry  into  the  fruit  (Fig.  4-1).  Subsequent  transfer  from  peel  to  juice 
sacs  was  indicated  by  a shift  in  labeling  where  no  other  sources  of  tritiated  water  were 
available.  Radioactivity  in  stems  and  leaves  decreased  very  rapidly  indicating  that  water 
passed  through  them  very  quickly  and  either  entered  fruit  or  was  lost  by  transpiration 
(Fig.  4-1). 

Tritiated  water  moved  from  peel  to  juice  tissue  more  rapidly  in  young  than  mature 
fruit  (compare  Fig.  4-1 , C with  A and  B).  Data  on  young  fruit  during  early  expansion  (Fig. 
4-1 , C)  showed  a significantly  greater  percentage  of  tritiated  water  in  juice  tissue  than  in 


Fig.  4-1.  Distribution  of  tritiated  water  in  detached  fruit-bearing  branches  of  grapefruit 
("Foster"  seedless  line  # 1-26-51).  Cut  ends  of  branches  were  exposed  to  either 
1 pCi  ml'1  tritiated  water  for  24  hours  followed  by  unlabelled  water  for  the 
subsequent  14  days  (A1),  or  1.5  jiCi  ml'1  tritiated  water  for  24  hours  followed  by 
unlabelled  water  for  the  subsequent  4 days  (A2,  B1,  B2,  and  C).  For  the  latter, 
stem  and  leaves  were  removed  the  fifth  day  after  absorption  of  tritiated  water. 
Experiments  were  conducted  in  August  1987  and  1988  in  (A1)  and  (A2);  January 
1988  and  1989  in  (B1)  and  (B2);  and  June  1989  in  (C).  Vertical  bars  denote  the 
SE  of  4 samples. 
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Days  after  tritiated  water  absorption 
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the  peel  5 days  after  tritiated  water  absorption,  whereas  fruits  undergoing  final  expansion 
(Fig.  4-1 , A1  and  A2)  or  maturation  (Fig.  4-1 , B1  and  B2)  showed  little  difference  between 
levels  of  tritiated  water  in  juice  tissue  and  peel. 

Young  fruit  also  conserved  tritiated  water  less  efficiently  than  did  more  mature 
ones.  Label  in  juice  tissue  of  fruit  undergoing  initial  expansion  decreased  from  21 .4%  to 
8.1  % of  that  initially  applied  during  the  period  from  5 to  35  days  after  absorption  (Fig.  4-1 , 
C).  During  later  stages  of  expansion  (Fig.  4-1 , A2),  levels  of  tritiated  water  decreased  only 
slightly  within  60  days  after  labeling.  In  mature  fruits  (Fig.  4-1,  B1  and  B2)  radiolabel 
remained  nearly  constant  throughout  the  period  after  initial  entry. 

The  total  volume  of  tritiated  water  taken  up  by  each  branch  was  similar  (2  to  2.5 
ml),  however,  young  fruit  accumulated  a greater  portion  of  the  total  than  did  more  mature 
fruit  (Fig.  4-1).  In  addition,  a greater  portion  of  the  radiolabel  reached  juice  sacs  of  the 
youngest  fruit  (20%,  in  Fig.  4-1,  C),  compared  to  fruit  undergoing  final  expansion  (15  to 
18%,  in  Fig.  4-1,  A1  and  A2)  or  maturation  (5  to  10%,  in  Fig.  4-1,  B1  and  B2). 

Loss  of  total  water  was  monitored  to  determine  whether  long-term  movement  of 
tritiated  water  was  approximately  representative  of  the  greater  bulk.  Water  content  in  both 
juice  tissue  and  peel  decreased  gradually  (Fig.  4-2),  and  did  so  approximately  parallel  to 
losses  of  tritiated  water  from  fruit  at  a similar  stage  of  development  (Fig.  4-1 , A 2).  To 
further  test  whether  or  not  tritium  was  being  transferred  from  tritiated  water  to  unlabelled 
molecules,  a set  of  samples  was  dried  completely  before  a final  determination  of 
radiolabel  content.  No  radiolabel  was  detected  in  any  samples.  A comparison  between 
Fig.  4-2  A and  B also  shows  that  although  peel  lost  a greater  amount  of  water  than  did 
juice  tissues,  actual  rate  of  water  loss  was  similar  for  both  under  prolonged  stress. 


Fig.  4-2.  Water  content  as  a percentage  of  original  tissue  water  (A),  or  original  total  fruit 
water  (B)  in  fruit  of  grapefruit  on  detached  branches.  Branches  were  treated  the 
same  way  as  their  counterparts  described  in  Fig.4-1  except  that  no  label  was 
applied.  Three  fruits  were  measured  at  each  sampling  point.  Measurements  were 
made  on  August  1988,  and  corresponded  to  data  reported  in  Fig.4-1  A2.  Vertical 
bars  denote  the  SE  of  4 samples. 
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Movement  of  Tritiated  Water  in  Fruit  on  Intact  Trees 

Soil  water  potentials  during  daily  irrigation  remained  between  0 and  -3  KPa 
whereas  those  under  drought  stress  treatment  ranged  from  ca  -20  KPa  after  watering  to 
ca  -50  KPa  4 days  later  (Fig.  4-3). 

Juice  sacs  of  transpiring  fruit  on  intact  trees  conserved  tritiated  water  markedly 
better  than  did  other  tissues  sampled  (Fig.  4-4).  Peel  and  stem  lost  tritiated  water  rapidly 
during  the  first  month  after  injection.  Tritiated  water  in  juice  sacs  also  decreased 
throughout  the  experimental  period,  but  did  so  far  less  rapidly.  The  apparent  half-time 
for  loss  of  tritiated  water  from  juice  sacs  of  fruit  on  intact  trees  ranged  from  greater  than 
30  days  in  year  1 (Fig.  4-4,  A)  to  ca  10  days  in  year  2 (Fig.  4-4,  B),  including  the  20  day 
half-time  observed  during  year  3 (Fig.  4-4,  C).  These  are  probably  minimal  estimates, 
because  maximum  levels  of  tritiated  water  in  juice  sacs  actually  may  have  been  reached 
shortly  after  the  start  of  the  experiment.  Three  days  had  elapsed  during  the  preceding 
injection  period,  but  at  least  5 days  were  found  necessary  for  complete  transfer  of  tritiated 
water  into  juice  sacs  in  earlier  studies  of  detached  branches  (refer  back  to  Fig.  4-1). 

The  apparent  conservation  of  water  by  juice  sacs  of  fruit  on  intact  trees  was  further 
explored  by  comparing  loss  of  tritiated  water  from  such  fruit  to  counterparts  on  drought- 
stressed  trees  (Fig.  4-4).  Generally,  minimal  differences  were  observed  between  levels 
of  radiolabel  in  tissues  from  fruit  of  irrigated  versus  drought-stressed  trees.  However, 
contrary  to  initial  expectations,  levels  of  tritiated  water  in  fruit  of  stressed  trees  tended  to 
be  greater  than  those  in  non-stressed  counterparts.  This  contrast  was  not  evident  in  the 
first  study  (Fig.  4-4,  A)  but  more  frequent  sampling  in  subsequent  work  showed  significant 
differences  in  juice  sac  water  on  the  20th  day  after  injection  (Fig.  4-4,  B).  The  timing  was 
the  same  in  both  the  second  and  third  experiments.  Difference  in  tritiated  water  content 


Soil  water  potential  (KPa) 
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Days  after  tritiated  water  injection 


Fig.  4-3.  Soil  water  potential  of  daily  irrigation  and  drought  stress  treatments.  Grapefruit 
trees  were  grown  in  50  liter  pots.  Each  pot  was  watered  daily  until  saturated,  or 
500  ml  water  were  supplied  at  4 day  intervals.  Soil  water  potential  was  measured 
by  tensiometer.  Data  shown  here  corresponded  to  the  tritiated  water  injection 
experiment  on  July-November,  1989  (Fig. 4-4  B).  Soil  moisture  was  similar  in  a 
second  experiment  conducted  in  1990  (Fig. 4-4  C). 


Fig.  4-4.  Distribution  of  tritiated  water  in  juice  tissue,  peel,  and  stem  of  "Marsh"  grapefruit 
after  injection  of  0.1  ml  of  1 10  pCi  ml'1  tritiated  water  into  the  center  of  the  stem 
2 cm  from  the  fruit.  Trees  were  subjected  to  daily  irrigation  and  drought  stress  (as 
described  in  Fig.4-3)  respectively  after  tritiated  water  injection.  The  study  was 
conducted  from  September  1988  to  February  1989  (A),  and  from  July  to 
November  1 989  and  1 990  respectively  (B  and  C).  Vertical  bars  denote  the  SE  of 
4 samples. 
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between  fruit  of  stressed  and  irrigated  trees  included  both  sacs  and  peel  during  the  third 
season  studied  (Fig.  4-4,  C). 

Movement  of  tritiated  water  into  and  through  fruit  occurred  more  slowly  during  the 
first  year’s  study  (more  mature  fruit)  than  in  that  of  the  subsequent  2 years.  For  more 
mature  fruit,  less  total  radiolabel  entered  fruit,  a greater  portion  of  it  remained  in  peel  after 
initial  stem  injection,  and  label  was  slow  to  move  out  of  the  stem  (Fig.  4-4,  A).  In  the 
following  studies  (Fig.  4-4,  B and  C),  however,  initial  tritiated  water  content  (i.e.  after  the 
3-day  injection  period)  was  extremely  low  in  stems  whereas  levels  in  peel  and  juice  tissue 
were  about  20  times  greater.  In  both  of  these  experiments,  peel  lost  85  % of  its  tritiated 
water  in  1 0 days.  However,  a similar  extent  of  loss  was  not  evident  in  juice  tissue  until 
the  60-day  sampling  point.  The  overall  rate  of  net  tritiated  water  exit  from  peel  was 
calculated  to  be  6 times  more  rapid  than  that  from  juice  tissue  (Fig.  4-4,  B).  This 
represents  a minimal  estimate  of  the  actual  rate  of  tritiated  water  exit  from  peel  because 
radiolabel  leaving  juice  sacs  must  move  through  peel  before  leaving  fruit. 

Discussion 

Both  approaches  used  to  follow  tritiated  water  movement  through  fruit  indicated 
extremely  slow  turnover  of  water  in  citrus  juice  sacs  (Fig.  4-1  and  4-4).  Fruit  on  detached 
branches  represented  a system  in  which  tritiated  water  movement  could  be  followed 
during  an  extended  period  of  post-labeling  dehydration.  Consequently  the  slower  entry 
and  exit  of  tritiated  water  from  these  fruit  (Fig.  4-1),  would  have  been  expected  relative  to 
those  of  intact  trees  regardless  of  the  watering  regimes  imposed  on  the  latter  (Fig.  4-4). 
The  more  rapid  decrease  in  levels  of  tritiated  water  observed  in  sacs  of  fruit  on  intact 
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trees  would  also  have  been  favored  by  continued  influx  of  unlabeled  water  into  juice 
tissues  or  continued  efflux  of  labeled  water  from  juice  sacs. 

Considerations  in  interpreting  long-term  experiments  using  tritiated  water  include 
the  extent  to  which  tritium  can  be  transferred  to  unlabeled  water  or  to  other  compounds 
(Goncharova  et  a/.,  1984;  Jenner,  1985b).  Analysis  of  label  in  oven-dried  samples 
indicated  that  the  latter  contributed  no  detectable  label  to  that  in  juice  sacs.  However, 
exchanges  of  tritium  over  extended  periods  could  have  resulted  in  transfer  of  label  away 
from  the  site  where  tritiated  water  was  initially  localized.  Such  a process  would  tend  on 
one  hand  to  minimize  the  apparent  retention  by  juice  sacs,  and  could  indicate  that  the 
actual  water  conservation  was  still  greater  than  suggested  by  the  present  research. 
Alternatively,  equilibration  of  tritiated  water  and  transfer  of  tritium  in  the  bulk  of  unlabeled 
water  in  sacs  would  slow  the  release  of  label  to  the  extent  expected  by  dilution  in  the 
large  volume.  Kinetic  analysis  of  tritiated  water  loss  from  fruits  on  detached  branches 
were  consistent  with  total  water  losses  from  fruit  of  unlabelled  control  (compare  Fig.  4-1 
and  4-2).  In  either  instance,  data  indicate  the  bulk  of  water  in  citrus  juice  sacs  is 
considerably  more  isolated  from  the  rapid  turnover  associated  with  the  transpiration 
stream  than  are  the  stem  and  peel. 

Nonetheless,  water  loss  from  juice  sacs  appears  to  be  at  least  partially  affected 
by  water  flow  through  whole  fruit.  Differences  between  tritiated  water  content  of  tissues 
in  fruit  of  irrigated  vs  drought  stressed  trees  were  typically  minimal,  however  sacs  in  the 
latter  repeatedly  showed  significantly  greater  levels  at  20  days  after  injection  (Fig.  4-4,  B 
and  C).  This  indicated  greater  retention  of  tritiated  water  in  juice  sacs  where  overall 
waterflow  through  fruit  was  likely  to  be  reduced.  Slower  entry  and  turnover  of  tritiated 
water  was  also  observed  for  juice  sacs  as  fruit  matured  (compare  Fig.  4-4  A,  B and  C). 
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This  coincided  with  previously  demonstrated  reductions  in  overall  water  loss  during  fruit 
development  (chapter  III).  In  each  of  these  instances,  long-term  turnover  of  tritiated  water 
in  juice  sacs  occurred  more  rapidly  in  fruit  likely  to  have  had  more  total  water  flowing 
through  them. 

The  overall  water  flow  through  fruit  and  loss  of  tritiated  water  from  juice  sacs  can 
be  potentially  reduced  by  stomatal  control,  increased  cuticular  resistance,  a drop  in  xylem 
back-flow  (movement  of  fruit  water  to  adjacent  leaves  during  rapid  transpiration),  and/or 
internal  characteristics  which  can  minimize  water  movement.  The  first  of  these,  the 
functioning  of  fruit  stomata,  has  been  suggested  by  previous  studies  showing  that  the 
morphology  and  function  of  fruit  stomata  were  similar  to  those  of  leaves  (Turrel  and  Klotz, 
1940;  Esau,  1977).  The  response  of  fruit  stomata  to  water  stress  hence  also  could  be 
similar.  Leaf  stomata  are  very  sensitive  to  water  status,  and  closure  can  be  initiated 
before  a significant  reduction  in  leaf  water  potential  is  detectable.  In  the  present  research, 
soil  water  potential  in  the  drought  stressed  treatment  was  markedly  lower  than  in  the 
irrigated  control,  and  slight  leaf  curl  could  be  observed  in  the  stressed  trees.  If  stomata 
were  functional,  then  closure  should  have  occurred  in  fruit  of  these  trees.  Data  in  Chapter 
III  also  shows  minimal  sensitivity  of  grapefruit  transpiration  to  light  vs  dark,  indicating  little 
stomatal  responsiveness  to  other  environmental  cues. 

Second,  cuticular  resistance  may  be  particularly  important  in  citrus  fruit.  The 
decrease  in  water  loss  from  fruits  after  initial  expansion  may  be  due  to  the  formation  of 
thick  cuticle  on  the  fruit  surface  at  this  time.  Cuticle  consists  of  an  inner  layer  of  cutin 
and  cellulose,  and  an  outer  layer  entirely  or  mainly  of  cutin  (Baker  etal.,  1975;  Geyer  and 
Schonherr,  1990).  It  may  cover  the  surface  of  citrus  fruit  epidermis  and  intrude  along  the 
anticlinal  walls  of  the  epidermal  cells  (Schneider,  1968).  The  cuticular  layer  is  thin  over 
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young,  dividing  cells,  but  the  thickness  appears  to  increase  during  cell  maturation  (Bain, 
1958).  Numerous  stomata  on  the  surface  of  the  citrus  epicarp  were  considered  likely  to 
be  functional  throughout  the  life  of  the  fruit  unless  plugged  by  the  epicuticular  wax  (Soule 
and  Grierson,  1986).  The  formation  and  thickening  of  the  cuticle  may  thus  contribute  to 
the  decrease  in  water  loss  from  fruits  after  initial  expansion. 

In  addition,  xylem  back-flow  of  water  from  fruit  to  leaves  also  affects  fruit  water  loss 
(Elfving  and  Kaufmann,  1972;  Mix  and  Marschner,  1976;  Tromp,  1984;  Jones  and  Higgs, 
1 982).  Circumstantial  evidence  has  long  indicated  that  substantial  fruit  water  could  move 
to  nearby  leaves  during  periods  of  rapid  foliar  transpiration  in  many  fruit  species  (Chaney 
and  Kozlowski,  1971;  Yamamoto,  1983;  People  et  al.,  1985;  Bennett  et  al.,  1984b; 
Bartholomew,  1926;  Kozlowski,  1968).  The  present  experiments  did  not  quantify  the 
extent  of  water  loss  via  xylem  back-flow,  however  fruit  on  trees  or  branches  exposed  to 
continuous  water  stress  may  lose  less  water  by  xylem  back-flow  because  transpirational 
demand  from  adjacent  leaves  would  be  minimal. 

Lastly,  several  internal  characteristics  of  citrus  fruit  may  contribute  to  the  whole- 
fruit  conservation  of  water,  as  well  as  to  the  yet  greater  degree  of  water  retention  by  sacs. 
One  of  these  is  the  change  in  amount  and  character  of  pectic  substances  during 
development,  particularly  after  initial  expansion.  Sinclair  (1972)  indicated  that  pectic 
substances  in  citrus  fruit  were  present  in  3 separate  fractions:  a water-soluble,  an 
ammonium  oxalate-soluble,  and  sodium  hydroxide-soluble  fraction.  The  total  content 
increased  with  fruit  growth.  The  percentage  of  total  pectic  substances  was  low  (less  than 
10%)  in  peel  tissue  of  fruit  less  than  2 months  old.  With  the  next  4 months,  however,  this 
level  had  risen  quite  high  (15.4%)  and  remained  so  through  the  remaining  4 months  of 
fruit  growth  and  maturation.  In  segment  epidermis,  total  pectin  content  increased  during 
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the  entire  growth  period  from  16%  to  23%  (Sinclair,  1972).  High  pectin  content  in 
segment  membrane  may  contribute  substantially  to  the  inhibition  of  water  loss  from  juice 
sacs,  although  numerous  parenchyma  strands  extend  through  this  layer.  High  pectin 
content  in  peel  may  reduce  the  rate  of  water  movement  through  this  tissue  as  well. 

The  pectinaceous  materials  in  vascular  bundles  also  may  have  affected  water 
movement.  Water  entry  into  mature  barley  grains  was  blocked  by  these  substances, 
however  the  material  was  readily  digested  by  pectinase  in  young  ears.  Water  moved 
regularly  without  any  barrier  in  the  latter  instance  (Cochrane,  1985).  If  similar  changes 
of  pectic  substances  occurred  in  grapefruit,  then  this  mechanism  could  contribute  to  the 
reduced  movement  of  water  within  and  through  fruit  during  development. 

Further,  Morse  (1 990)  demonstrated  that  pectin  can  hold  a modest  storage  pool 
of  water,  and  thus  function  as  a buffer  against  changing  water  availability  as  in  leaves  of 
Hemizonia  luzulifolia.  The  albedo  of  grapefruit  peel,  with  its  particularly  abundant  pectin 
(Sinclair,  1972),  may  hence  function  as  a temporary  reservoir  and  buffer  for  rapid  water 
flow.  When  fruit  in  the  present  research  were  supplied  with  tritiated  water,  large  portions 
moved  to  albedo  initially,  then  were  redistributed  to  other  portions  of  the  fruit.  Numerous 
studies  have  implied  that  water  in  citrus  fruit  often  moves  from  peel  to  juice  tissue  (Reed, 
1930;  Grierson  and  Ben-Yehoshua,  1986),  however  the  function  of  peel  as  a reservoir  or 
buffer  against  rapid  water  loss  has  not  been  addressed  previously. 

Grierson  and  Ben-Yehoshua  (1 986)  also  point  out  that  the  change  in  location  of 
osmotically  active  substances  within  the  fruit,  with  accompanying  changes  in  osmotic  and 
turgor  pressure,  can  be  important  to  the  path  by  which  water  enters  or  exits  the  fruit.  In 
fruit  of  grapefruit,  the  total  osmolality  in  juice  sacs  was  significantly  greater  than  that  in 
transport  tissues  (vascular  bundles  with  segment  epidermis)  during  fruit  expansion  (Koch 
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and  Avigne,  1990).  Water  should  thus  enter  juice  sacs  if  the  osmotic  gradient  is  not 
countered  by  high  levels  of  turgor.  However,  the  long,  narrow  stalks  of  the  juice  sacs 
increase  the  physical  length  of  this  path  and  appear  to  diminish  the  overall  speed  of  water 
entry  into  juice  sacs.  Tritiated  water  entering  citrus  fruit  in  the  present  study  initially 
accumulates  in  tissues  sampled  with  the  peel  (probably  inner  vascular  areas),  and  enters 
juice  sacs  slowly  thereafter. 

Kaufmann  (1 970)  considered  the  juice  vesicles  to  be  anatomically  isolated  from 
the  transpiration  stream,  and  suggested  that  transpirational  water  loss  from  fruit 
proceeded  through  the  albedo  only.  As  noted  above,  Sinclair  (1972)  later  pointed  out 
that  the  segment  epidermis  tissue  contained  a large  amount  of  pectic  substances  (16% 
to  23%)  and  that  water  penetration  through  this  epidermis  was  very  slow.  More  recently, 
Grierson  and  Ben-Yehoshua  (1 986)  also  reported  that  the  water  lost  from  citrus  fruit 
appears  to  arise  mainly  from  the  peel,  however,  they  note  that  some  originated  in  the 
pulp.  They  also  note  that  although  the  surfaces  of  the  juice  sacs  and  their  stalks  have 
waxy  cuticles,  water  may  exit  from  sacs  via  the  continuous  parenchyma  strand  which  joins 
them  to  the  outer  fruit  tissue. 

By  examining  citrus  fruit  structure,  Lowell  (1 987)  indicated  that  the  stalks  of  juice 
sacs  were  broad  and  short  during  initial  expansion,  and  became  thinner  and  longer 
during  fruit  growth  and  development.  Water  efflux  through  the  stalks  may  thus  slow  as 
this  conversion  takes  place.  The  majority  of  initial  water  loss  from  a mature  fruit  hence 
originates  in  the  albedo,  but  similar  percentages  of  total  fruit  water  appear  to  be  lost  from 
both  tissues  under  extended  stress  (refer  back  to  Fig.  4-2,  B).  Juice  tissues  probably  lose 
little  water  under  most  circumstances,  however. 
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Conclusions 

Together,  data  indicate  that  juice  sac  water  is  markedly  isolated  from  the 
transpiration  stream,  but  not  so  completely  that  it  is  insensitive  to  developmental  or 
environmental  changes.  Supporting  evidence  is  as  follows: 

1 . Juice  sacs  of  fruit  on  intact  trees  conserved  total  tritiated  water  markedly  better  than 

did  other  tissues  sampled,  with  an  apparent  half-time  for  loss  ranging  from  10  to 
more  than  30  days.  Peel  lost  85%  of  its  tritiated  water  in  1 0 days,  whereas  similar 
losses  were  not  evident  in  juice  tissue  until  60  days.  The  overall  rate  of  net 
tritiated  water  exit  from  peel  was  estimated  to  be  6 times  more  rapid  than  that  from 
juice  tissue  under  these  conditions. 

2.  In  detached  branches  exposed  to  prolonged  water  stress,  tritiated  water  also  entered 

and  exited  juice  sacs  very  slowly.  In  these  instances,  however,  total  water  and 
tritiated  water  tended  to  leave  juice  sacs  and  peel  at  approximately  similar  rates. 
In  addition,  however,  tritiated  water  moved  in  and  out  of  juice  sacs  in  young  fruit 
more  rapidly  than  in  more  mature  fruit.  Peel  thus  appears  to  buffer  water  losses 
from  juice  sacs  of  intact  trees,  but  not  detached  branches. 


CHAPTER  V 


REVERSE  WATER  FLOW  FROM  FRUIT  TO  LEAVES 
IN  DETACHED  GRAPEFRUIT  BRANCHES 

Introduction 

Fruits  may  function  as  water  reservoirs  when  water  supply  becomes  limited,  and 
support  a small  but  significant  water  flow  to  adjacent  leaves  or  other  parts  of  the  plant 
(Tromp,  1 984;  Lang  and  Thorpe,  1 989).  Initial  indication  that  such  a process  could  occur 
in  citrus  was  reported  in  1 926  by  Bartholomew  and  was  subsequently  suggested  for  many 
other  species  (Schroeder  and  Wieland,  1956;  Kozlowski,  1968;  Chalmers  et  al.,  1983; 
Jones  and  Higgs,  1985;  Ye  etal.,  1989;  Lang,  1990). 

Although  diurnal  or  seasonal  water  movement  from  fruits  to  leaves  has  been 
indicated  in  these  studies,  few  have  quantified  water  efflux  from  fruit  via  xylem  back-flow. 
In  cowpea,  ca  23%  and  70.3%  of  total  imported  water  was  estimated  to  leave  fruit  via 
xylem  back-flow  during  early  and  late  stages  of  development,  respectively  (People  et  al., 
1985).  Calculations  by  Atkins  et  al.  (1986)  suggested  a total  of  up  to  70%  of  the  water 
entering  these  fruit  eventually  may  have  been  withdrawn  in  the  xylem  stream.  In  bean 
fruit,  20%  of  injected  45Ca  moved  out  of  fruit,  apparently  by  xylem  back-flow  (Mix  and 
Marschner,  1976).  Xylem  back-flow  was  reported  to  be  the  primary  cause  of  apple  fruit 
shrinkage  during  the  day  (Tromp,  1984),  however  contrary  results  were  obtained  using 
the  same  species  by  Jones  and  Higgs  (1982). 
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Large,  fleshy  fruit  might  be  expected  to  serve  as  particularly  effective  water 
reservoirs  in  times  of  stress,  however  they  would  also  be  likely  to  lose  less  of  their  total 
water  than  would  maturing  seed  crops.  Also,  xylem  discontinuities  have  been  reported 
at  the  fruit-pedicel  junctions  of  some  fleshy  fruit  (Lee,  1 986)  suggesting  free  entry  and  exit 
of  water  via  this  path  may  be  restricted.  In  fleshy  fruit  species,  relatively  little  is  known 
about  the  extent  to  which  water  can  move  from  fruit  to  parent  plant  via  xylem  back-flow. 
Moreover,  Elfving  and  Kaufmann  (1 972)  found  no  evidence  to  substantiate  the  contention 
that  transpiring  fruits  could  supply  water  to  leaves  or  other  parts  of  the  plant.  Lastly,  it 
is  difficult  to  appraise  the  potential  significance  of  this  process  to  fruit  quality  on  the  basis 
of  existing  information.  Citrus  in  particular  poses  a special  problem  due  to  apparent 
water  retention  by  juice  sacs. 

The  objectives  of  this  study  were  to  quantify  the  extent  to  which  xylem  back-flow 
can  move  water  from  fruit  to  leaves,  and  the  amount  of  water  arising  from  different 
sources  in  fruit.  Fruit  of  grapefruit,  with  thick  peel  and  hydraulically  isolated  juice  tissues, 
was  used  as  the  model.  Tritiated  water  was  used  to  trace  the  movement  from  fruit  to 
leaves  and,  together  with  total  water,  was  used  to  quantify  the  efflux  from  fruit. 

Materials  and  Methods 
Xylem  Back  Flow  from  Fruit  to  Leaves 

Forty  fruit-bearing  grapefruit  branches  were  harvested  in  June,  1989  (during  stage 
II  development)  from  a grapefruit  orchard  in  Lake  Wales,  Florida.  Water  was  withheld 
from  branches  (1  fruit  and  ca  5 leaves  each)  to  force  reliance  on  internal  water  supplies. 
Light  was  maintained  at  1,000  jimol  m'2  s’1  (400  W Lucalox),  relative  humidity  at  55  to 
60%,  and  temperature  at  22  to  25°  C throughout  the  4-6  day  experimental  period.  Fruit 


69 


were  removed  from  half  of  the  branches,  and  the  other  remained  intact  (Fig.  5-1).  Fruit 
diameter,  leaf  transpiration  and  fruit  transpiration  were  measured  at  day  0 (immediately 
after  arrival  in  the  laboratory),  then  12  hours  and  1,  2,  3 or  4 days  after  fruit  removal. 
Individual  fruit  or  leaves  on  individual  branches  were  enclosed  in  a small  Plexiglass 
chamber  and  continuously  flushed  with  ambient  air  at  500  ml  min'1.  Transpirational  water 
loss  from  fruit  or  leaves  was  calculated  as  the  difference  between  water  content  of  air 
before  and  after  movement  through  the  chamber.  Relative  humidity  of  the  airstream  was 
measured  by  a condensation  dew  point  hygrometer  (System  1 1 00DP,  General  Eastern 
Instruments  Co.  Watertown,  MA). 

The  experiment  was  repeated  in  November,  1 990  using  similar  materials  harvested 
from  1 0-year-old  containerized  grapefruit  trees  at  the  University  of  Florida.  Fruit  diameter, 
fruit  transpiration  and  leaf  transpiration  were  measured  as  above.  In  addition,  water 
potentials  were  determined  by  psychrometer  (Model  HR-33T,  Wescor  Inc.  Logan,  Utah) 
for  tissues  from  leaves,  albedo  of  peel,  and  for  individual,  intact  sacs.  Samples  were 
equilibrated  for  4 hours  in  a stirred  water  bath  at  30°  C.  Leaf  samples  consisted  of  6 
disks,  2 excised  from  each  of  3 leaves  on  a given  branch.  Albedo  samples  also 
consisted  of  6 disks,  2 each  from  top  (stem  end),  equator  and  bottom  (stylar  end)  of  a 
given  fruit.  Intact  juice  sacs  were  dissected  from  6 locations  in  each  fruit;  2 sites  each 
were  selected  from  the  stem  end,  equatorial  area,  and  stylar  end.  Experimental  duration 
was  extended  to  6 days  following  fruit  removal,  with  samples  harvested  at  0 and  12  hours, 
then  1 , 2,  4 and  6 days  after  fruit  removal. 
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Fruit  on  branch 


Fruit  removed 


Fig.  5-1.  Experimental  treatment  of  fruit  and  leaves  of  grapefruit  on  detached  branches 
without  an  external  water  supply.  Arrangement  is  as  used  by  Bartholomew  (1 926) 
for  initial  investigations  of  xylem  back-flow  from  fruit. 
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Quantification  of  Xylem  Back  Flow  from  Fruit  to  Leaves 

Two  approaches  were  used  to  quantify  the  extent  of  water  efflux  from  fruit  by 
xylem  back-flow.  These  were  then  compared  to  determine  the  extent  of  total  water  efflux 
versus  that  of  recently  entered  water. 

(A).  Tritiated  water  injection  and  quantification 

Ten-year-old,  container-grown  grapefruit  trees  were  used  for  injection  of  tritiated 
water.  All  were  regularly  irrigated.  Pedicels  subtending  fruit  were  slowly  injected  with  0.1 
ml  of  tritiated  water  (50  jiCi  ml'1)  via  the  center  of  the  stem  about  1 cm  from  the  fruit. 
Injection  was  begun  on  the  afternoon  of  November  12,  1990  and  proceeded  until  the 
entirety  of  the  tritiated  water  had  entered  the  stem  (about  2 days).  In  order  to  obtain  fully 
turgid  fruit,  experimental  branches  were  harvested  very  early  on  the  third  morning. 

Fifty-four  fruit-bearing  branches  were  harvested  and  moved  to  the  laboratory  for 
fruit  wrapping  and  subsequent  sampling.  Six  branches  were  immediately  dissected. 
Tritiated  water  content  in  juice  tissue,  peel,  stem  and  leaves  was  determined  by  grinding 
and  extracting  the  tissues  in  80%  ethanol  (Koch,  1 984a),  then  quantifying  tissue  radiolabel 
by  standard  liquid  scintillation  spectrometry  (LKB,  Gaithersburg,  Md).  Fruit  on  half  of  the 
remaining  branches  were  wrapped  with  Parafilm  which  was  effective  in  eliminating  fruit 
transpiration  (only  0.004%  of  fresh  weight  was  lost  from  wrapped,  detached  fruit  in  4 
days)  without  limiting  gas  exchange  (data  not  shown).  Water  loss  from  fruit  in  this 
treatment  thus  proceeded  via  xylem  back  flow  only.  Fruit-bearing  branches  with  non- 
wrapped  fruit  served  as  controls  in  which  water  loss  could  occur  via  both  fruit 
transpiration  and  xylem  back  flow.  All  of  the  experimental  branches  were  exposed  to 
continuous  light  at  1,000  jimol  m'2  s'1  (400  W Lucalox),  and  22  to  25°  C.  Continuous 
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airflow  was  provided  to  facilitate  maximal  transpiration  by  fruit  and  leaves.  Water  was 
withheld  during  the  entire  period  to  force  reliance  on  internal  supplies. 

Tritiated  water  content  of  juice  tissues,  peel,  stem  and  leaves  was  quantified 
thereafter  at  4-,  8-,  and  1 2-hour  intervals  during  the  first  day,  then  every  24  hours  for  4 
days.  Four  branches  from  each  treatment  were  sampled  for  quantification  of  tritiated 
water  at  each  point.  Losses  of  tritiated  water  from  tissues  were  expressed  as 
percentages  of  the  total  tritiated  water  content  in  the  entire  branch  at  the  start  of  the 
experiment  (0  time).  Differences  between  tritiated  water  content  of  wrapped  and 
unwrapped  fruits  were  considered  to  arise  from  fruit  transpiration. 

(B).  Measurement  of  relative  water  content  and  water  potential  components 

Forty  fruit-bearing  branches  were  harvested  as  described  above  except  that  no 
tritiated  water  had  been  injected.  Fully  turgid  fruits  were  dissected  at  dawn  on  day  0, 
immediately  after  removal  from  the  tree.  Samples  of  peel  and  juice  tissue  were  weighed, 
then  dried  at  80°  C for  5 days  to  determine  water  content. 

Treatments  and  experimental  conditions  were  as  described  above  for  branches 
injected  with  tritiated  water.  Water  content  in  juice  tissue  and  peel  was  quantified  after 
4 and  1 2 hours,  then  after  1 , 2,  3,  and  4 days.  Relative  water  content  was  calculated  by 
comparing  water  content  of  treated  samples  to  those  taken  on  day  0.  Water  losses  by 
xylem  back  flow  or  fruit  transpiration  were  expressed  as  decreases  in  relative  water 
content. 

Water  potentials  of  the  inner  peel  (albedo)  and  juice  tissue  were  measured  at  the 
start  and  finish  of  the  experiment  (day  0 and  4 days  later)  by  psychrometer  (Model  HR- 
331,  Wescor  Inc.  Logan,  Utah).  Each  sample  value  was  the  mean  of  3 separate 
determinations  using  tissues  sampled  from  the  equatorial  zone.  Osmotic  potentials  were 
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also  measured  on  the  same  samples  after  expressing  juice  sacs  inside  a syringe  and 
collecting  the  juice.  In  both  water  potential  and  osmotic  potential  determinations,  samples 
were  put  in  the  psychrometer  chamber  and  equilibrated  in  a stirred  water  bath  for  4 hours 
before  measurement.  Pressure  potential  was  calculated  by  subtracting  osmotic  potential 
from  water  potential. 


Results 

Fruit  diameter  decreased  most  rapidly  in  those  fruit  which  remained  attached  to 
branches,  regardless  of  fruit  developmental  stage  (Fig.  5-2,  A).  More  water  was  thus  lost 
from  attached  fruits  which  were  exposed  to  transpirational  demands  of  adjacent  leaves. 
Early  in  development  (stage  II),  fruit  shrank  more  rapidly  than  did  those  undergoing  final 
maturation  (stage  III).  Fruit  diameter  had  decreased  significantly  more  in  attached  vs 
detached  fruits  within  2 to  4 days,  in  stage  II  and  III  fruits,  respectively  (Fig.  5-2,  A). 

Leaf  transpiration  rate  was  significantly  greater  in  branches  with  attached  fruit.  The 
effect,  and  rate,  were  greater  for  branches  with  stage  II  fruit  (Fig.  5-2,  B).  Fruit  also 
transpired  more  water  when  attached  to  a severed  stem  with  leaves,  than  after  removal 
from  branches.  Significant  differences  between  transpiration  by  attached  and  detached 
fruits  were  evident  within  12  hours  after  detachment  of  stage  III  fruit,  but  not  until  the  4th 
day  after  removal  of  stage  II  fruit  (Fig.  5-2,  C).  The  rate  at  which  leaf  water  potential 
decreased  after  branches  were  detached  from  the  tree  was  more  rapid  if  fruit  were 
removed  (Fig.  5-3,  A).  In  these  instances,  leaf  water  potential  dropped  to  -3.1  MPa  within 
one  day,  whereas  2 days  were  required  when  fruit  were  left  attached. 

Water  potentials  in  albedo  of  peel  (Fig.  5-3,  B)  and  juice  tissues  (Fig.  5-3,  C) 
decreased  after  branches  were  removed  from  the  tree,  but  did  so  less  rapidly  if  fruit  were 


Fig.  5-2.  Effect  of  fruit  separation  from  adjacent  leaves  on  water  loss  from  both  structures 
when  branch  detachment  was  used  to  force  reliance  on  internal  water  of 
grapefruit:  fruit  diameter  (A),  leaf  transpiration  (B),  and  fruit  transpiration  (C).  Initial 
measurements  taken  0 day  after  fruit  removal  were  completed  within  1 .5  hour  after 
this  detachment.  Fruit  at  stage  II  of  development  (expansion)  were  examined  in 
1989,  and  stage  III  (maturation)  were  studied  in  1990.  Vertical  bars  denote  the  SE 
of  4 samples. 
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Fig.  5-3.  Effect  of  fruit  separation  from  adjacent  leaves  on  water  potential  of  fruit  tissues 
and  leaves  when  branch  detachment  was  used  to  force  reliance  on  internal  water 
of  grapefruit:  (A)  leaves,  (B)  albedo  (inner  peel),  and  (C)  juice  tissues.  Initial 
measurements  taken  0 day  after  fruit  removal  were  completed  within  ca  2.5  hours 
after  this  detachment.  Water  potential  was  measured  by  thermocouple 
psychrometer  after  a 4-hour  equilibration  at  30°  C.  Fruit  at  stage  III  of 
development  (maturation)  were  examined.  Vertical  bars  denote  the  SE  of  4 
samples. 


Water  potential  (MPa) 


77 


-1.0 


-2.0 


-3.0 


-0.8 


-1.2 


-1.6 


-2.0 


-0.8 


-1.2 


-1.6 


-2.0 


0 1 2 3 4 5 6 

Days  after  detachment  of  fruited  branches 


78 


separated  from  adjacent  stem  and  leaves.  Water  potentials  of  juice  sacs  in  these 
detached  fruit  dropped  from  -0.97  MPa  to  -1 .24  MPa  only  during  the  first  day  and  reached 
fairly  constant  levels  thereafter.  In  contrast,  mean  water  potentials  in  juice  sacs  of 
attached  fruit  decreased  continuously  from  -1 .05  MPa  to  -1 .54  MPa  throughout  the  6 day 
experiment.  Significant  differences  between  fruit  with  and  without  adjacent  leaves  were 
evident  in  albedo  of  peel  on  the  2nd  day  after  fruit  detachment  (Fig.  5-3,  B)  and  in  juice 
tissues  after  4 days  (Fig.  5-3,  C). 

A comparison  between  water  potentials  of  the  albedo  and  juice  sacs  showed  the 
latter  to  be  slightly  more  negative.  Either  turgor  was  reduced  by  relaxation  of  juice  sac 
cell  walls  following  peel  removal,  or  the  lower  water  potential  would  have  favored  water 
movement  from  albedo  to  juice  sacs  in  vivo.  In  fruit  which  had  been  detached,  water 
potentials  of  albedo  and  juice  sacs  reached  apparent  equilibrium  on  the  second  day.  In 
fruit  with  nearby  leaves,  however,  mean  albedo  water  potential  dropped  below  that  of 
juice  sacs. 

Radiolabel  in  juice  sacs  was  consistently  greater  than  that  in  all  other  tissues 
throughout  the  entire  experimental  period  (Fig.  5-4,  A vs  B,  C and  D).  Juice  tissue  of  the 
wrapped  fruit  lost  tritiated  water  only  during  the  first  2 days,  whereas  unwrapped 
counterparts  lost  tritiated  water  throughout  the  experiment  (Fig.  5-4,  A).  Peel  continued 
to  gain  tritiated  water  until  4 hours  after  branches  were  detached,  but  lost  radiolabel 
rapidly  during  the  subsequent  4 days.  No  significant  differences  were  found  between 
levels  of  tritiated  water  in  peel  of  wrapped  or  unwrapped  fruit  when  both  remained 
attached  to  branches  (Fig.  5-4,  B). 

Mean  tritiated  water  content  in  the  stem  continued  to  increase  during  the  first  4 
to  24  hours  after  detachment  from  the  tree.  Total  radiolabel  in  stems  of  both  fruit- 


Fig.  5-4.  Movement  of  tritiated  water  in  detached  grapefruit  branches  as  affected  by 
xylem  back-flow  from  fruit  to  leaves  (fruit  wrapped)  or  back-flow  plus  fruit 
transpiration  (fruit  unwrapped):  (A)  juice  tissues,  (B)  peel,  (C)  whole  fruit,  (D)  stem, 
(E)  leaves,  and  (F)  entire  branch.  Intact  trees  were  injected  slowly  (over  a 3-day 
period)  with  0.1  ml  of  50  nCi  ml'1  tritiated  water  into  the  center  of  the  stem  1 cm 
from  the  fruit.  Branches  (one  fruit  and  ca  5 leaves  each)  were  subsequently 
detached  from  the  tree.  Parafilm-wrapped  fruit  transpired  less  than  0.01  % of  their 
water  and  exchanged  gases  freely.  Water  was  withheld  from  all  branches. 
Vertical  bars  denote  the  SE  of  4 samples. 
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wrapped  branches  and  controls  diminished  after  the  first  day,  and  dropped  to  significantly 
lower  levels  when  fruit  transpiration  was  allowed  to  continue  (unwrapped  fruit)  (Fig.  5-4, 
C). 

Leaves  lost  tritiated  water  rapidly  regardless  of  whether  or  not  adjacent  fruit  have 
been  wrapped  (Fig.  5-4,  D).  About  65%  of  the  tritiated  water  was  lost  from  leaves  during 
the  first  12  hours,  and  only  6 to  11%  remained  after  the  entire  4-day  period.  Within  the 
first  2 days,  total  radiolabel  in  whole  fruit  (juice  tissue  plus  peel)  had  dropped  significantly 
more  in  unwrapped  fruit  than  in  wrapped  (Fig.  5-4,  E).  Similar  changes  were  observed 
for  tritiated  water  content  of  entire  branches  (Fig.  5-4,  F)  except  that  differences  between 
those  with  wrapped  vs  unwrapped  fruit  were  significant  within  the  first  day  after  treatment. 
After  4 days,  tritiated  water  content  in  branches  with  transpiring,  unwrapped  fruit  was  ca 
20%  less  than  that  in  fruit-wrapped  counterparts. 

Little  water  was  lost  from  juice  sacs  of  attached  fruit  whether  wrapped  or 
unwrapped,  although  mean  water  content  in  the  latter  was  slightly  less.  The  daily  water 
loss  from  juice  tissue  of  wrapped  fruit  was  less  than  0.3%,  and  total  water  loss  during  the 
4 day  experimental  period  was  only  1.0%  (Fig.  5-5).  The  percentage  of  water  lost  from 
peel  was  greater  than  that  from  juice  tissue,  and  similarly,  transpiring  fruit  lost  more  water 
than  did  those  subjected  to  xylem  back-flow  alone  (wrapped).  In  wrapped  fruit,  peel  lost 
5.4%  of  their  water  within  4 days,  whereas  counterparts  lost  10.9%  (Fig.  5-5). 

Percentages  of  tritiated  water  lost  from  different  tissues  are  shown  in  Table  5-1 
(calculated  from  data  shown  in  Fig.  5-4).  Wrapped  fruit  on  branches  lost  water  via  xylem 
back-flow  alone,  because  transpirational  water  loss  in  wrapped,  detached  fruit  could 
account  for  a decrease  of  only  0.004%  of  the  fruit  fresh  weight  in  4 days  (data  not 
shown).  The  difference  in  water  loss  between  wrapped  and  unwrapped  fruit  was  thus 


Water  content  ( % of  original  tissue  water ) 
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Fig.  5-5.  Water  content  of  tissues  in  fruit  of  grapefruit  on  detached  branches  as  affected 
by  xylem  back-flow  from  fruit  to  leaves  (fruit  wrapped)  or  back-flow  plus  fruit 
transpiration  (fruit  unwrapped).  Parafilm-wrapped  fruit  transpired  less  than  0.01  % 
of  their  water  and  exchanged  gases  freely.  Water  was  withheld  from  all  branches. 
Vertical  bars  denote  the  SE  of  4 samples. 


Table  5-1 . Calculated  fruit  transpiration  and  xylem  back-flow  of  water  from  fruit  to  leaves. 

Fruit-bearing  branches  were  detached  to  force  reliance  on  existing  internal  water  supplies.  Subsequent  lossed 
of  either  tritiated  water  or  total  water  from  fruit  by  direct  transpiration  vs  xylem  back-flow  to  leaves  were  estimated 
by  comparing  attached,  parafilm  sealed  fruity  to  counterparts  with  unimpeded  water  loss  from  their  surfaces. 
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attributed  to  fruit  transpiration.  In  4 days,  exit  of  tritiated  water  via  xylem  back-flow 
accounted  for  losses  of  14.6%  of  the  radiolabel  from  juice  tissues,  19.1%  from  peel,  and 
a total  of  33.7%  from  fruit.  Fruit  transpired  only  1 1 .4%  of  tritiated  water  during  the  same 
period.  Total  losses  of  tritiated  water  from  fruit  via  both  avenues  together  was  45.1%. 
Total  transpirational  water  loss  from  fruit  was  2.1%  in  4 days  (Table  5-1). 

Table  5-2  shows  the  changes  in  water  potentials  and  their  components  which 
occur  as  fruit  lose  4.4%  of  their  tissue  water  in  4 days.  Little  change  was  evident  in  peel 
of  the  fruit  which  had  been  wrapped  and  detached  from  adjacent  leaves.  Water  potential 
of  fruit  tissues  subjected  to  both  fruit  transpiration  and  xylem  back  flow  declined  by  1 .1 
MPa  in  albedo  of  peel  and  0.1  MPa  in  juice  sacs  during  the  4 day  period.  In  instances 
where  fruit  lost  water  via  xylem  back-flow  alone,  water  potentials  decreased  by  ca  0.6 
MPa  in  albedo  of  peel  and  by  ca  0.1  MPa  in  juice  sacs.  Turgor  was  maintained  in  cells 
of  peel  in  detached,  wrapped  fruit  whereas  turgor  dropped  after  4 days  in  fruit  subjected 
to  xylem  back-flow  (attached,  wrapped  fruit)  or  back-flow  plus  transpiration  (attached, 
unwrapped  fruit). 


Discussion 

Evidence  in  previous  reports  has  supported  the  occurrence  of  substantial  reverse 
water  flow  in  xylem  (xylem  back-flow)  from  fruit  to  other  plant  parts  in  apple  (Tromp,  1 984; 
Jones  and  Higgs,  1982,  1985;  Lang,  1990),  calamondin  (Chaney  and  Kozlowski,  1971; 
Ye  et  al.,  1989),  grape  (Lang  and  Thorpe,  1989),  sweet  orange  (Bartholomew,  1926; 
Elfving  and  Kaufmann,  1972;  Ye  et  al.,  1989),  avocado  (Schroeder  and  Wieland,  1956), 
cherry  (Kozlowski,  1968),  soybean  (Bennett  et  al.,  1984),  and  cowpea  (Pate  etal.,  1985). 
Most  of  this  work  has  indicated  that  xylem  back-flow  can  occur  when  water  supply  is 


Table  5-2.  Water  potential  and  its  components  in  grapefruit  tissues  before  and  after  4 days  of  either  internal  equilibration 
(detached,  wrapped  fruit2),  water  loss  via  xylem  back-flow  alone  (attached,  wrapped  fruit),  or  water  loss  via 
back-flow  plus  direct  fruit  transpiration  (attached,  unwrapped  fruit).y 
Fruit  bearing  branches  were  detached  to  force  reliance  on  existing  internal  water  supply. 
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Parafilm  allowed  gas  exchange  (preliminary  experiment)  and  permits  a direct  loss  of  only  0.004  % grapefruit  water  in  4 days. 
Values  are  means  of  4 samples±SE. 

Osmotic  potential  was  measured  on  juice  samples  collected  from  expressing  juice  sacs  inside  a syring. 

Turgor  potential  was  estimated  by  subtracting  osmotic  potential  from  total  water  potential. 
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limited  and  leaf  transpiration  vigorous.  The  present  study  used  detached  branches  as 
a means  of  forcing  reliance  on  internal  water  supplies.  Results  thus  can  not  be  directly 
equated  with  those  from  intact  trees,  however,  this  approach  allows  an  indepth  analysis 
of  the  process  as  it  occurs  under  one  set  of  defined  conditions.  Data  from  the  present 
system  showed  that  water  was  transferred  from  fruit  to  leaves  (Fig.  5-2),  and  also 
indicated  that  the  process  probably  occurred  to  a less-than-maximal  extent  because  leaf 
transpiration  was  minimal  (Fig.  5-2,  B).  Data  also  quantified  the  effect  of  xylem  back-flow 
on  fruit  water  content  (Fig.  5-5)  and  water  relations  (Fig.  5-3).  This  showed  the  minor 
degree  to  which  the  relatively  isolated  juice  sacs  of  citrus  are  influenced  (Fig.  5-5). 

In  addition,  the  present  investigation  also  showed  that  fruit  transpiration  and 
xylem  back  flow  can  occur  simultaneously.  Both  leaves  and  fruit  transpired  more  water 
when  on  fruited  branches,  than  after  fruit  had  been  severed  (Fig.  5-2).  These  data 
provide  evidence  counter  to  the  earlier  suggestion  by  Elfving  and  Kaufmann  (1 972)  who 
postulated  that  reverse  flow  could  not  exist  from  transpiring  fruit,  because  the 
transpiration  stream  could  not  pull  water  in  two  directions  simultaneously.  The  authors 
concur  that  midday  diameter  reductions  in  non-transpiring  fruits  could  be  related  to 
reverse  flow  of  water.  However,  they  noted  that  "no  evidence  permits  an  unequivocal 
statement  that  transpiring  fruit  of  ’Valencia’  orange  can  behave  as  a midday  reservoir  of 
water  for  leaves".  Present  data  indicate  that  both  transpiration  and  xylem  back-flow  do 
indeed  occur  in  a 24-hour  period.  The  transpiration  stream  is  clearly  more  complex  than 
the  single  pipeline  model  envisioned  by  Elfving  and  Kaufmann  (Lowell,  1986),  and 
involves  multiple,  apparently  independent  layers  of  xylem  strands.  It  is  also  possible  that 
fruit  transpiration  and  xylem  back-flow  are  somehow  separated  in  time  during  a given 
diurnal  period.  However,  data  in  chapter  III  indicate  that  fruit  transpiration  is  relatively 
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constant  in  light  and  darkness.  This  observation  increases  support  for  the  simultaneous 
loss  of  water  from  fruit  by  two  different  routes,  and  such  is  made  possible  by  the  separate 
avenues  of  xylem  networks  noted  above.  Xylem  back-flow  could  follow  inner  bundles  to 
adjacent  leaves,  whereas  direct  fruit  transpiration  would  be  expected  to  most  strongly 
affect  the  superficial  strands. 

The  extent  of  xylem  back  flow  from  fruit  to  leaves  appears  to  vary  substantially  in 
different  studies,  even  where  the  same  species  has  been  used.  In  apple,  xylem  back-flow 
from  fruit  was  considered  to  be  the  primary  factor  determining  the  degree  of  fruit 
shrinkage  during  the  day  (Tromp,  1984),  because  only  20  to  35%  of  the  fruit  water  loss 
could  be  attributed  to  fruit  transpiration.  In  contrast,  Jones  and  Higgs  (1982)  concluded 
that  diurnal  decreases  in  apple  fruit  volume  were  largely  accounted  for  by  transpiration. 
In  pear,  daytime  water  back-flow  from  fruit  to  other  plant  parts  was  estimated  to  be  as 
great  as  0.8  ml  peduncle'1  h'1  (Yamamoto  and  Watanabe,  1980).  When  phloem-immobile 
45Ca  was  injected  into  the  transpiration  stream  of  bean  fruit,  20%  moved  back  out  of  fruit 
when  transpiration  rates  of  leaves  and  shoot  were  high  (Mix  and  Marschner,  1976). 

Developing  orange  fruit  were  reported  to  lose  up  to  25  to  30%  of  their  total  fruit 
water  during  the  middle  of  the  day  when  transpiration  from  both  fruits  and  leaves  is 
maximal  (Gardner  et  al.,  1939).  The  present  study  shows  that  total  water  loss  from  fruit 
on  detached  branches  is  ca  4%  during  the  entire  experimental  period  of  4 days  (Table 
5-1).  Several  factors  may  have  contributed  to  the  less  than  maximal  water  losses  in  the 
present  study.  First,  transpiration  rates  in  both  fruit  and  leaves  are  lower  on  detached 
branches  than  in  intact  tree  (Fig.  5-1 , B and  C,  and  chapter  III).  Second,  fruit  of  grapefruit 
transpire  less  water  than  do  oranges  because  peel  is  thicker  and  contains  high  levels  of 
pectic  materials  (Sinclair,  1961).  Finally,  mature  fruit  lose  less  water  by  transpiration  than 
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do  developing  fruits  because  surface/volume  ratio  decreases  and  extensive  cuticle  forms 
on  the  fruit  surface  (Chandler,  1957;  Soule  and  Grierson,  1986;  Blanke  and  Lenz,  1989; 
data  in  chapter  III). 

In  the  present  experiment,  fruit  of  grapefruit  lost  about  the  same  amount  of  water 
by  transpiration  as  by  xylem  back-flow  (2.1%  vs  2.3%  of  original  tissue  water)  (Table  5-1). 
However,  about  3-fold  more  tritiated  water  was  lost  by  xylem  back-flow  than  by  fruit 
transpiration  (34%  vs  1 1 %).  The  comparison  indicated  that  in  juice  sacs,  recently  entering 
water,  labeled  in  this  instance,  was  more  readily  withdrawn  by  xylem  back-flow  than  was 
water  which  had  previously  moved  into  the  centermost  area  of  the  fruit.  The  capacity  of 
juice  sacs  to  retain  water  could  thus  be  underestimated  by  this  method  when  ample 
supplies  of  unlabeled  water  were  not  available. 

However,  combined  results  of  tritiated  water  injection  experiments  (Fig.  5-4,  A and 
B,  and  Table  5-1)  and  measurements  of  water  potentials  in  fruit  tissues  (Fig.  5-3,  B and 
C)  showed  that  both  juice  sacs  and  albedo  of  peel  contributed  to  the  ultimate  supply  of 
water  removed  from  fruit  via  xylem  back-flow.  Initial  transfer  from  juice  sacs  to  peel  was 
suggested  by  tritiated  water  data  from  the  first  4 hours  after  detachment  (Fig.  5-4,  A and 
B). 

A comparison  of  tissue  water  losses  showed  that  juice  tissues  conserved 
considerably  more  water  than  did  peel.  Juice  sacs  lost  a total  of  1 .0%  of  their  tissue 
water  via  xylem  back  flow  in  4 days,  whereas  peel  lost  5.4%  during  the  same  period.  An 
apparent  decrease  was  also  evident  in  water  content  of  peel  on  fruit  from  detached 
branches  (Fig.  5-5)  compared  to  minimal  change  in  juice  tissues.  Waxy  cuticle  on  the 
surface  of  juice  sacs  and  their  stalks  block  water  loss  through  their  epidermis  of  the  juice 
sacs  (Grierson  and  Ben-Yehoshua,  1986).  The  long,  narrow  stalks  of  juice  sacs  appear 
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to  be  the  only  path  of  apparently  minimal  resistance  to  water  loss  from  juice  sacs  (Lowell, 
1987),  and  their  physical  dimensions  probably  contribute  to  the  low  rate  of  water  loss. 

Data  on  water  potentials  and  their  components  (Table  5-2)  showed  that  fruit 
isolated  from  xylem  back-flow  and  transpiration  (detached,  wrapped)  appeared  to  lose 
no  water.  Equilibration  between  internal  and  external  tissues  would  have  been  expected 
in  these  fruit  during  the  experimental  period.  Instead,  the  more  negative  water  potential 
in  juice  sacs  indicated  that  there  may  have  been  a reduction  in  turgor  by  wall  relaxation 
following  peel  removal  (for  measurement). 

No  significant  difference  was  found  between  water  potentials  of  juice  sacs  from 
fruit  exposed  to  xylem  back-flow  alone  vs  xylem  back-flow  plus  fruit  transpiration  (Table 
5-2).  This  indicated  that  juice  sacs  did  not  loose  detectable  water  to  fruit  transpiration 
during  the  4-day  period  study.  In  contrast,  water  potentials  of  peel  from  fruit  subjected 
to  both  xylem  back-flow  and  transpiration  were  substantially  less  than  those  of  fruit 
exposed  to  xylem  back-flow  alone  (-1.9  MPa  vs  -1.4  MPa).  In  the  present  study, 
transpirational  water  loss  from  citrus  fruit  appeared  to  arise  solely  from  the  albedo, 
confirming  the  initial  suggestion  to  this  effect  by  Kaufmann  (1970).  Significant  reductions 
in  juice  sac  water  potentials  were  not  observed,  but  xylem  back-flow  might  be  expected 
to  have  a greater  effect  than  fruit  transpiration,  due  to  physical  proximity  of  major  vascular 
bundles. 


Conclusions 

Both  fruit  transpiration  and  water  exit  via  xylem  back-flow  were  found  to  occur 
within  a given  24-hour  period.  Both  leaves  and  fruit  transpired  more  water  when  on 
fruited  branches,  than  when  fruit  were  severed.  Total  water  losses  from  fruit  via  xylem 
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back-flow  and  fruit  transpiration  were  similar  (2.1%  vs  2.2%  of  original  tissue  water).  A 
comparison  between  exit  of  total  and  tritiated  water  indicated  that  newly  arrived  water  in 
juice  sacs  was  the  first  to  leave.  Albedo  and  possibly  juice  sacs  both  contributed  to  the 
water  efflux  from  fruit  via  xylem  back-flow,  although  peel  lost  a mean  of  5.4%  of  its  tissue 
water  in  4 days,  vs  1 .0%  from  juice  sacs  during  the  same  period.  Concomitant  decreases 
in  water  potential  were  ca  0.6  MPa  in  albedo  and  ca  0.1  MPa  in  juice  sacs  due  to  effects 
of  xylem  back-flow.  Transpirational  water  loss  from  fruit  appeared  to  arise  from  albedo 
rather  than  from  juice  sacs  during  this  experimental  period. 


CHAPTER  VI 


WATER  RELATIONS  AND  OSMOTIC  ADJUSTMENT  VIA  SUCROSE-HEXOSE 
CONVERSIONS  IN  CITRUS  FRUIT  DURING  CYCLIC  AND  CONTINUOUS  WATER  STRESS 

Introduction 

Moderate  drought  stress  has  been  reported  to  improve  "sweetness"  of  many  fruit, 
such  as  citrus  (Levy  etal.,  1978;  Bielorai,  1982;  Morshet  etal.,  1983),  grape  (Kasimatis, 
1967;  Ruhl  and  Alleweldt,  1985),  apple  (Unrath,  1972;  Landsberg  and  Jones,  1981),  and 
strawberry  (Gehrmann,  1985).  However,  mild  drought  stress  does  not  necessarily 
promote  increases  in  sugar  concentration  (McCarthy  and  Coombe,  1985).  In  addition, 
such  stress  may  accelerate  fruit  maturation  (Gehrmann,  1985),  reduce  color  (Goode  et 
al.,  1 978),  and  decrease  postharvest  storage  life  of  the  fruit  (Landsberg  and  Jones,  1 981 ). 
In  grapefruit,  summer  water  stress  can  also  result  in  high  acid  levels,  which  may  persist 
for  up  to  6 months  (Levy  et  al.,  1978). 

Total  sugar  content  in  stressed  fruit  theoretically  should  be  less  than  in  fruit  from 
well-watered  trees  because  of  overall  reductions  in  photosynthesis  (Lakso,  1985),  and 
increases  in  photoassimilate  partitioning  to  roots  (Hall  et  al.,  1988).  Production  of 
"sweeter"  fruit  under  moderate  stress  probably  results  to  a large  extent  from  smaller  fruit 
size,  however  this  may  not  be  the  only  contributing  factor.  Solute  accumulation  in 
response  to  water  stress,  or  "osmotic  adjustment",  is  another  possibility.  This  process 
has  been  studied  under  drought  stress  in  roots  (Sharp  and  Davies,  1979),  leaves  (Jones 
and  Turner, 1980;  Michelena  and  Boyer,  1982),  hypocotyls  (Meyer  and  Boyer,  1972; 
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1981),  and  inflorescences  (Morgan,  1980;  Munns  et  al.,  1979).  Research  on  osmotic 
adjustment  in  fruit  species  has  focused  primarily  on  leaves,  including  those  of  apple 
(Goode  and  Higgs,  1973;  Davies  and  Lakso,  1979;  Lakso  et  al.,  1984),  citrus  (Fereres  et 
al.,  1979),  peach  (Young  etal.,  1982),  and  grape  (During,  1985).  Osmotic  adjustment  and 
potential  sucrose-hexose  conversion  in  fruit  tissue  appear  not  to  have  been  explored, 
however. 

An  additional  factor  which  could  affect  fruit  sugar  levels  is  water  loss  via  xylem 
back-flow  to  transpiring  leaves.  Occurrence  of  xylem  back-flow  has  been  indicated  in  a 
variety  of  instances,  and  clearly  demonstrated  in  chapter  V.  When  such  a reverse  flow 
occurs,  it  is  possible  that  apoplastic  sugars  may  be  vulnerable.  In  soybean,  Bennett  et 
al.  (1 984)  demonstrated  that  exogenously  applied  1 4C-sucrose  could  exit  from  developing 
seed  coats  and  be  drawn  to  vegetative  parts  of  the  plant  in  the  xylem.  However,  direct 
evidence  is  lacking  as  to  whether  or  not  sugar  can  leave  fruit  via  this  route  in  vivo. 

The  objectives  of  this  research  were  to  clarify  the  relationship  between  altered 
water  availability  and  fruit  sugar,  and  to  determine  the  extent  to  which  changes  in  the 
latter  are  mediated  by  reduced  sugar  import,  osmotic  adjustment,  or  sugar  exit  via  xylem 
back-flow.  Calamondin  \rees(citrus  madurensis  Lour.)  was  used  in  this  research  due  to 
its  miniature  size  and  the  profuse  fruit  available  at  different  development  stages 
throughout  the  year.  Responses  to  a soil  moisture  cycle  of  "stress  : regular  irrigation  : 
stress"  was  compared  to  "continuous  stress"  and  "continuous  irrigation"  to  contrast 
changes  in  carbohydrate  translocation  and/or  metabolism  resulting  from  alterations  in  soil 
water  availability. 
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Materials  and  Methods 

Plant  Material 

Six-year-old  calamondin  trees  (Citrus  madurensis  Lour.)  were  grown  in  a 
greenhouse  using  10-liter  containers  with  a "Metro  Mix  500"  medium  (W.  R.  Grace  Co., 
Cambriged,  MA).  Each  bore  25  to  30  fruit,  10  to  15  of  which  were  undergoing  the  third 
stage  of  fruit  development  (final  maturation). 

Experimental  Treatments  and  Sample  Timing 

Trees  were  divided  into  3 groups.  The  first  was  subjected  to  a cycle  of  "stress  : 
regular  irrigation  : stress".  The  second  was  exposed  to  "continuous  stress",  and  the  third 
received  "regular  irrigation"  throughout.  Group  I plants  were  exposed  to  mild  drought 
stress  for  10  days  by  supplying  each  with  100  ml  of  water  at  3-day  intervals.  Solute 
concentration  peaked  8 to  10  days  after  drought  stress  (Fig.6-1).  Water  supply  was  then 
increased  for  5 days,  during  which  containers  were  saturated  daily.  Mild  stress  was 
resumed  thereafter.  Plants  under  "continuous  stress"  were  maintained  throughout  with 
1 00  ml  of  water  at  3 day  intervals,  and  those  receiving  "regular  irrigation"  were  watered 
to  saturation  daily.  Fruit  from  continuous  watering  regimes  were  sampled  in  concert  with 
those  receiving  intermittent  drought  stress;  the  day  prior  to  onset  of  the  first  stress,  again 
immediately  before  rewatering,  at  subsequent  intervals  3,  4,  and  5 days  after  renewal  of 
regular  irrigation,  and  finally,  3 days  after  the  onset  of  a second  stress.  All  fruit  were 
sampled  between  1 :00  and  1 :30  pm. 
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Water  relations: 

Fruit  with  pedicels  (about  7 to  8 cm  long)  were  harvested  and  sealed  in  plastic 
bags  to  prevent  desiccation  during  transport  from  the  greenhouse  to  the  laboratory. 
Whole  fruit  water  potentials  were  measured  by  pressure  bomb  within  10  mins  after 
excision.  Fruit  diameter  and  fresh  weight  were  measured  thereafter. 

Water  potential  and  osmotic  potential  of  juice  tissues  were  determined  using  a 
thermocouple  psychrometer.  Individual,  intact  juice  sacs  were  carefully  dissected  and  two 
were  placed  in  each  chamber.  A 4-hour  period  was  found  to  provide  sufficient 
equilibration  prior  to  water  potential  measurements.  Three  such  samples  from  each  fruit 
were  measured  in  separate  psychrometers,  and  5 fruits  were  harvested  from  each 
treatment  at  each  sampling  time. 

For  determination  of  osmotic  potentials,  small  pieces  of  juice  tissue  with  about  1 0 
juice  sacs  each,  were  expressed  inside  a 1 ml  syringe.  Filter  paper  discs  (0.8  cm 
diameter)  were  soaked  with  the  resulting  fluid  and  sealed  in  sample  chambers. 
Equilibration  and  replications  were  as  above.  Pressure  potential  was  calculated  as  the 
difference  between  water  potential  and  osmotic  potential  of  immediately  adjacent  juice 
sacs. 

Sugar  Analysis: 

Juice  samples  were  boiled  for  45  to  50  seconds  to  deactivate  endogenous 
invertase  and  other  enzymes  with  the  potential  to  alter  sugar  compositions.  Little  or  no 
non-enzymatic  breakdown  of  sucrose  occurs  if  these  extracts  are  boiled  for  periods  of 
less  than  1 min  (Koch  and  Avigne,  1984).  Reducing  sugars  were  quantified  using  the 
Park-Johnson  method  (Chaplin  and  Kennedy,  1986).  Total  sugars  were  measured  using 
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the  same  procedure  following  a 4-hour  incubation  with  invertase  (40  units  invertase  : 1 
nmol  sucrose).  Sucrose  levels  were  determined  by  subtraction.  The  Park-Johnson 
method  is  sensitive  to  low  levels  of  reducing  sugars  (1  to  5 ng)  and  sucrose  does  not 
interfere  (preliminary  experiment,  data  not  shown).  Sugar  content  per  fruit  was  computed 
by  multiplying  the  concentration  of  total  sugars  by  the  fresh  weight  of  each  fruit  (peel  of 
calamondin  accounts  for  ca  10  to  12%  of  fruit  fresh  weight). 

Results 

Solute  concentration  of  juice  increased  slowly  during  the  first  8 days  of  drought 
stress,  but  remained  relatively  stable  for  the  duration  of  the  12-day  experiment  (Fig.  6-1). 
Eventual  decreases  in  osmotic  potential  were  indicated  by  a rise  in  osmotic  potential  of 
juice  after  4 weeks  of  stress  (data  not  shown). 

Whole  fruit  water  potential  decreased  from  -0.9  Mpa  to  -2.1  Mpa  during  the  first 
10  days  of  stress,  and  again  appeared  to  show  minimal  change  during  the  remainder  of 
the  18-day  period  examined  (Fig.  6-2).  Variation  in  mean  values  were  non-significant  and 
parallelled  those  of  fruit  from  regularly  irrigated  trees.  Rewatering  stressed  trees  at  day 
10  increased  fruit  water  potential,  however,  peak  values  remained  significantly  less  than 
those  of  fruit  from  regularly  irrigated  trees.  Fruit  water  potential  decreased  rapidly  when 
water  supply  was  reduced  the  second  time.  No  significant  difference  was  observed 
between  final  water  potentials  of  fruit  from  trees  exposed  to  a cycle  of  "stress  : regular 
irrigation  : stress"  and  those  receiving  "continuous  stress"  for  18  days  (Fig.  6-2). 

Water  potential  of  juice  sacs  rose  and  fell  significantly  in  response  to  stress, 
however,  these  changes  did  not  exactly  parallel  those  of  whole  fruit  (Fig.  6-3,  A vs  Fig. 
6-2).  After  10  days  of  stress,  whole  fruit  water  potential  decreased  to  a greater  extent 
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Fig.  6-1.  Osmotic  potential  of  juice  tissues  of  calamondin  fruit  under  continuous  mild 
drought  stress.  Juice  sacs  were  ground  in  liquid  nitrogen  and  centrifuged  at 
1 0.OOOX  for  5 mins.  Juice  samples  (1  ml)  were  collected  and  osmotic  potentials 
were  determined  by  thermocouple  psychrometer.  Fruit  were  nearing  final 
maturation  (stage  III  of  development).  Vertical  bars  denote  the  SE  of  5 samples. 
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Fig.  6-2.  Water  potential  of  calamondin  fruit  under  alteration  of  soil  water  availability. 
Experimental  trees  were  subjected  to  either  a cycle  of  "mild  stress,  reirrigation, 
mild  stress",  "continuous  mild  stress",  or  "regular  irrigation".  Solid  and  dashed 
lines  represent  regular  irrigation  and  drought  stress,  respectively.  Fruit  were 
nearing  final  maturation  (stage  III  of  development).  Water  potential  was  measured 
by  pressure  chamber.  Vertical  bars  denote  the  SE  of  5 samples. 


Fig.  6-3.  Water  potential  (A),  osmotic  potential  (B),  and  pressure  potential  (C)  in  juice 
tissues  of  calamondin  fruit  under  alteration  of  soil  water  availability.  Experimental 
trees  were  subjected  to  either  a cycle  of  "mild  stress,  reirrigation,  mild  stress",  and 
continuous  mild  stress,  or  "regular  irrigation".  Solid  and  dashed  lines  represent 
regular  irrigation  and  drought  stress  respectively.  Two  intact  individual  juice  sacs 
were  used  in  each  sample  chamber  for  measurements  of  water  potential. 
Osmotic  pootential  were  determined  by  expressing  juice  from  immediately 
adjacent  sacs  through  a syringe.  All  samples  were  equilibrated  for  4 hours  before 
measured  by  thermocouple  psychrometer.  Fruit  were  undergoing  final  maturation 
(stage  III  of  development).  Vertical  bars  denote  the  SE  of  5 samples. 
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than  did  that  of  juice  sacs,  indicating  that  the  bulk  of  the  fruit  interior  may  not  readily 
equilibrate  with  the  rest  of  the  fruit.  In  addition,  whole  fruit  water  potentials  peaked  within 
3 days  after  rewatering,  whereas  5 days  were  required  before  juice  sac  water  potential 
reached  pre-stress  levels.  Water  potentials  of  whole  fruit  and  juice  sacs  both  dropped 
rapidly  after  the  onset  of  the  second  stress,  and  within  3 days  reached  levels  equivalent 
to  those  observed  at  the  end  of  the  first,  1 0-day  stress.  Water  potentials  of  juice  sacs 
from  continuously  stressed  trees  had  dropped  to  their  minimum  within  the  first  10  days 
of  stress  and  remained  at  this  level  for  the  18-day  duration.  These  values  were 
consistently  greater  than  those  of  whole  fruit.  In  fruit  of  regularly  irrigated  trees,  water 
potential  of  whole  fruit  were  essentially  equal  to  those  of  juice  sacs  and  remained 
relatively  constant  throughout  the  experiment  (Fig.  6-2  vs  Fig.  6-3,  A). 

Osmotic  potential  decreased  significantly  in  juice  sacs  of  calamondin  fruit  after  10 
days  of  drought  stress.  Five  subsequent  days  of  regular  irrigation  were  necessary  before 
pre-stress  osmotic  status  was  regained.  Only  3 days  of  the  second  stress  fully  reversed 
this  progression.  In  juice  sacs  of  continuously  stressed  trees,  osmotic  potential  remained 
essentially  constant  after  1 0 days  of  stress.  Values  for  regularly  irrigated  counterparts 
were  similar  throughout  (Fig.  6-3,  B). 

Pressure  potentials  were  approximately  0.1  MPa  in  juice  tissues  of  all  irrigated 
trees,  and  slightly  above  0 MPa  under  stress.  Mean  pressure  potentials  continued  to 
increase  during  rehydration  of  juice  sacs  from  stressed  trees,  rising  from  0.03  MPa  at  day 
10  to  0.08,  0.09,  and  0.11  Mpa  on  days  13,  14,  and  15  respectively  (Fig.  6-3,  C). 

The  concentration  of  reducing  sugars  in  juice  tissues  increased  significantly  under 
drought  stress  whereas  that  of  sucrose  decreased  (Fig.  6-4,  A and  B).  At  the  start  of  the 
experiment,  the  level  of  reducing  sugars  in  fruit  was  slightly  greater  than  that  of  sucrose, 


Fig.  6-4.  Concentration  of  reducing  sugar  (A),  sucrose  (B),  and  total  sugar  (C)  in  juice 
tissues  of  calamondin  fruit  under  alteration  of  soil  water  availability.  Experimental 
trees  were  subjected  to  either  a cycle  of  "mild  stress,  reirrigation,  mild  stress",  and 
continuous  mild  stress,  or  "regular  irrigation".  Solid  and  dashed  lines  represent 
regular  irrigation  and  drought  stress  respectively.  Calculation  of  reducing  sugars 
and  sucrose  were  determined  by  subtraction  using  the  Park-Johnson  method 
before  and  after  a 4-hour  incubation  with  invertase.  Fruit  were  undergoing  final 
maturation  (stage  III  of  development).  Vertical  bars  denote  the  SE  of  5 samples. 
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49  mg  ml'1  vs  36  mg  ml*1.  Within  10  days  of  drought  stress,  however,  the  concentration 
of  reducing  sugar  rose  to  a mean  of  86.3  mg  ml'1  and  sucrose  levels  dropped  to  22.3  mg 
ml'1.  The  ratio  of  reducing  sugars  to  sucrose  had  thus  changed  from  1.3/1  to  about  4/1 
during  this  period.  The  apparent  sucrose  to  hexose  conversion  could  have  accounted 
for  approximately  28%  of  the  total  increase  in  osmolarity  of  juice  sacs,  with  the  remaining 
72%  resulting  from  volume  reduction  during  dehydration  (calculated  from  data  in  Table 
6-1). 

Within  3 days  after  resumption  of  regular  irrigation,  the  concentration  of  reducing 
sugars  decreased  significantly  whereas  that  of  sucrose  increased.  Sucrose  reached  its 
pre-stress  level  in  4 days  after  re-irrigation  (Fig.  6-4,  B),  but  hexose  concentration  did  not 
drop  fully  to  original  levels  (Fig.  6-4,  A).  Concentration  of  reducing  sugars  again  rose 
rapidly  after  the  onset  of  the  second  drought  stress.  Fruit  of  continuously  stressed  trees 
maintained  a reducing  sugar  concentration  about  4-fold  greater  than  that  of  sucrose  (Fig. 
6-4,  A vs  B). 

Although  total  sugar  concentration  increased  markedly  after  a 10-day  stress 
period,  calculated  total  sugar  content  per  fruit  did  not  change  significantly  (Fig.  6-5,  C). 
The  decreases  of  fruit  fresh  weight  and  volume  (20%  and  26%  respectively  after  1 0 days 
of  stress)  were  the  major  factors  resulting  in  this  concentration  increase.  However,  total 
sugar  content  in  fruit  of  regularly-irrigated  trees  increased  continuously  and  rose 
significantly  above  that  of  stressed  trees  if  drought  lasted  1 0 days  or  longer.  Effects  of 
stress  on  total  fruit  sugar  content  were  not  immediately  evident  if  re-irrigation  began  on 
day  10,  however,  a significant  delay  in  sugar  accumulation  became  apparent  after  only 
3 days  of  a second  drought  stress.  After  a total  of  18  days,  sugar  content  was  greatest 
in  fruit  from  trees  receiving  "regular  irrigation",  and  significantly  less  in  fruit  exposed  to  one 


Table  6-1.  Change  in  sugar  composition  and  osmolarity  in  juice  sacs  of  calamondin  under  cyclic  water  stress. 
Sugars  were  quantified  by  Park-Johnson  method.  Fruit  in  development  stage  III  (maturation) 
were  determined. 
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Values  are  means  of  5 samples±SE. 


Fig.  6-5.  Total  content  of  reducing  sugar  (A),  sucrose  (B),  and  total  sugar  (C)  per  fruit  of 
calamondin  under  alteration  of  soil  water  availability.  Experimental  trees  were 
subjected  to  either  a cycle  of  "mild  stress,  reirrigation,  mild  stress",  and  continuous 
mild  stress,  or  "regular  irrigation".  Solid  and  dashed  lines  represent  regular 
irrigation  and  drought  stress  respectively.  Sugar  content  were  calculated  by 
multipling  sugar  concentration  (determined  by  Park-Johnson  method)  with  fruit 
fresh  weight.  Fruit  were  undergoing  final  maturation  (stage  III  of  development). 
Vertical  bars  denote  the  SE  of  5 samples. 
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cycle  of  "stress  : regular  irrigation  : stress".  Total  sugar  content  was  least  in  fruit  receiving 
"continuous  stress"  (Fig.6-5,  C). 

Similar  to  the  change  in  reducing  sugar  and  sucrose  concentration,  total  reducing 
sugar  and  total  sucrose  content  per  fruit  rose  and  fell  significantly  in  response  to  water 
stress  and  reirrigation  (Table  6-1).  An  increase  of  reducing  sugar  content  by  0.57  g per 
fruit  was  observed  when  trees  were  exposed  to  stress  for  10  days,  whereas  sucrose 
content  dropped  0.52  g during  the  same  period.  When  trees  were  reirrigated  for  3 days, 
total  reducing  sugar  content  per  fruit  decreased  0.26  g,  but  sucrose  increased  0.35  g. 
Again,  the  onset  of  a second  stress  resulted  in  an  increase  of  reducing  sugar  content  and 
decrease  of  sucrose  content. 

Osmolarity  of  the  juice  tissues  increased  a total  of  222  mM  after  1 0 days  of  stress. 
Sugar  conversions  contributed  62  mM  of  the  total  and  the  remainder  resulted  from 
changes  in  fruit  volume.  Osmolarity  dropped  in  response  to  reirrigation,  during  which 
sugar  conversions  and  volume  increase  contributed  to  ca  18%  and  82%  of  the  total 
reduction  in  osmolarity  in  a 3-day  period.  The  overall  effects  of  sugar  conversions  and 
volume  changes  on  alterations  in  fruit  osmolarity  were  1 6%  and  84%,  respectively,  during 
the  total  1 8-day  period  of  this  study. 


Discussion 

Together,  data  presented  here  indicate  that  changes  in  concentrations  of  fruit 
sugars  under  drought  stress  can  be  brought  about  not  only  by  decreases  in  fruit  volume, 
but  also  by  sucrose-hexose  conversion  during  osmotic  adjustment.  Cyclic  alternation  in 
water  availability  showed  that  the  sucrose-hexose  conversion  was  partially  reversible,  and 
that  water  relations  of  juice  sacs  changed  fairly  slowly  during  rehydration. 
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Analysis  of  water  relations  in  whole  fruit  and  individual  sacs  indicated  progressive 
dehydration  for  the  first  8 to  10  days  of  drought  stress,  followed  by  apparent  stabilization 
for  the  remainder  of  the  1 2 to  1 8-day  experimental  periods  (Fig.  6-1 , 6-2  and  6-3).  Water- 
conserving  attributes  of  calamondin  orange  fruit  are  minimal  in  comparison  to  other  citrus 
fruit  such  as  grapefruit  (Chapter  III).  However,  the  possibility  that  juice  sac  water  may  be 
partially  isolated  from  that  in  the  fruit  exterior  and  adjacent  xylem  is  further  indicated  by 
the  differences  between  water  potentials  of  whole  fruit  from  stressed  trees  (determined 
by  pressure  bomb  shown  in  Fig.  6-2)  and  those  of  juice  sacs  (determined  by 
psychrometer  shown  in  Fig.  6-3).  Such  differences  were  not  evident  in  fruit  of  regularly 
irrigated  trees. 

Water  relations  of  fruit  on  trees  undergoing  a cycle  of  "stress  : regular  irrigation 
: stress"  indicated  that  whole  fruit  (Fig.  6-2)  and  juice  sacs  (Fig.  6-3)  were  slow  to  regain 
pre-stressed  water  potentials  and  osmotic  potentials.  A total  of  5 days  was  necessary  for 
this  process  in  juice  sacs.  However,  whole  fruit  water  potentials  did  not  recover.  The 
discrepancy  may  be  due  to  the  possible  lack  of  readily  available  water  from  sacs  during 
pressure  bomb  measurements  of  whole  fruit  under  stress.  Fresh  weight  increased  rapidly 
during  fruit  rehydration  yet  remained  significantly  less  than  that  expected  for  full  recovery 
until  5 days  after  reirrigation  (data  not  shown).  The  slow  reentry  of  water  into  juice  sacs 
of  calamondin  fruits  may  be  due  in  part  to  the  structural  isolation  of  juice  sacs  noted 
above. 

Fruit  enlarged  dramatically  when  irrigation  was  resumed.  Fruit  fresh  weight 
increased  1 5.6%  during  the  first  3 days  after  reirrigation  whereas  that  of  fruit  on  regularly 
irrigated  trees  remained  essentially  unchanged  (data  not  shown).  Fruit  from  previously- 
stressed  trees  typically  change  volume  faster  than  those  from  regularly  irrigated  trees 
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upon  reirrigation  (Cohen  and  Goell,  1988;  Mitchell  et  al.,  1984).  A relative  increment  of 
fruit  volume  change  previously  reported  for  grapefruit  under  cyclic  water  availability  was 
as  great  as  1 24  to  1 65%.  However,  grapefruit  are  considerably  larger  and  have  a far 
thicker  peel  than  do  fruit  of  calamondin. 

Changes  in  fruit  sugar  concentrations  appear  to  be  due  primarily  to  the  change 
in  fruit  water  content  (approximated  by  fruit  volume).  Reducing  sugar  and  total  sugar 
concentrations  in  fruit  increased  markedly  under  drought  stress  and  decreased 
significantly  after  re-irrigation  (Fig.  6-4).  Total  sugar  content  per  fruit  did  not  follow  this 
trend,  however,  and  did  not  increase  in  fruit  of  mildly  stressed  trees  relative  to  regularly 
irrigated  counterparts  (Fig.  6-5).  Previous  studies  have  indicated  that  mild  drought  stress 
produces  sweeter  fruits  in  a wide  range  of  species,  including  peach  (Veihmeyer,  1972; 
Veihmeyer  and  Hendrickson,  1950),  apple  (Unrath,  1972;  Jones  et  a/.,  1983;  Lankes, 
1985),  grape  (Hendrickson  and  Veihmeyer,  1931;  McCarthy  and  Coombe,  1985),  citrus 
(Erickson  and  Richards,  1955;  Koo  and  McCornack,  1965;  Koo  and  Smajstrla,  1984), 
tomato  (Moore  et  a!.,  1958;  Wight  et  al.,  1962),  muskmelon  (Pew  and  Gardner,  1983; 
Wells  and  Nugent,  1980),  plum  (Nasharty  and  Ibrahim,  1961),  watermelon  (Doneen  etai, 
1939),  pear  (Raese  et  al.,  1982;  Ryall  et  al.,  1937),  cantaloupe  (MacGillivray,  1951),  and 
strawberry  (Kimbrough,  1930).  Results  of  the  present  work  are  consistent  with  the 
hypothesis  that  the  "sweeter"  fruits  produced  under  mild  stress  are  likely  to  have  resulted 
from  high  sugar  concentration,  due  to  low  water  content,  and  smaller  fruit  size,  but  not 
more  sugar  per  fruit. 

In  addition,  reirrigation  of  stressed  trees  reduced  the  total  sugar  concentration  in 
fruit  (Fig.  6-4,  C),  but  increased  the  fresh  weight  relative  to  fruit  of  continuously  stressed 
trees.  Total  fruit  sugar  thus  increased  significantly  (Fig.  6-5,  C).  A dilution  effect  is 
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evident  in  juice  sacs  during  resumption  of  regular  irrigation,  and  is  consistent  with 
reported  changes  in  Brix  after  release  of  drought  stress  in  citrus  (Koo  and  McCornack, 
1965;  Koo  and  Smajstria,  1984). 

Total  sugar  content  per  fruit  showed  no  significant  increase  under  continuous 
stress  (Fig.  6-5,  C),  indicating  that  photosynthesis  and/or  translocation  were  inhibited  or 
partitioning  changed  under  these  conditions.  Photosynthesis  typically  declines  when 
water  is  withheld  (Tomer  etal.,  1986;  Ruan  etal.,  1988;  Henson  etal.,  1989b),  particularly 
as  plant  water  potentials  fall  to  between  -1 .0  and  -1 .5  Mpa  (Deng  et  ai,  1990).  Mild  water 
deficits  can  decrease  photosynthesis  via  stomatal  closure  alone  (Flore  et  a/.,  1985;  Bois 
etal.,  1985),  however,  more  severe  stress  can  also  decrease  activation  and  concentration 
of  RuBPCase  (Vu  and  Yelenosky,  1988;  Sharkey  and  Seemann,  1989).  Large  reductions 
in  citrus  leaf  photosynthesis  have  previously  been  reported  in  stressed  ’Valencia’  orange 
trees  by  Vu  and  Yelenosky  (1988). 

Recovery  of  photosynthesis  in  stressed  trees  after  reirrigation  varies  with  species 
and  the  extent  of  stress.  In  orange,  leaf  water  potential  of  mildly  stressed  trees  recovers 
to  the  normal  value  in  less  than  a week  after  reirrigation,  whereas  stomatal  conductance 
does  not  fully  recover  in  2 months  if  trees  are  subjected  to  leaf  water  potentials  below  -5 
MPa  (Fereres  et  ai,  1979).  In  contrast,  rewatering  can  result  in  a complete  recovery  of 
photosynthesis  in  grapevine  after  a 4-week  drought,  and  subsequent  rates  may  exceed 
those  of  well-watered  controls  by  10%.  However,  a permanent  inhibition  of 
photosynthesis  reportedly  occurs  after  an  8-week  drought,  resulting  in  a 22%  reduction 
(Ruhl  and  Alleweldt,  1983). 

Water  stress  is  also  known  to  reduce  the  export  of  photoassimilate  from  source 
leaves  (Sheikholeslam  and  Currier,  1 977),  translocation  rate  (Lang  and  Thorpe,  1 986),  and 
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alter  the  partitioning  of  assimilates  among  different  tissues  (Lang  and  Thorpe,  1986;  Hall 
et  al.,  1988;  Beruter,  1989).  The  rate  of  fixed  carbon  export  from  leaves  is  sharply 
reduced  in  cacao,  for  example,  as  leaf  water  potential  declines  from  -0.8  to  -2.0  MPa 
(Deng  et  al.,  1989).  Water  stress  also  commonly  increases  photoassimilate  partitioning 
to  the  roots  (Hall  et  al.,  1988),  leaving  minimal  sugars  available  for  storage  in  fruit. 

In  the  present  study,  effects  of  drought  stress  are  not  immediately  evident  in  total 
sugars  per  fruit,  however,  a delayed  response  seems  to  occur  even  after  rewatering 
(Fig.6-5).  Total  sugar  content  per  fruit  did  not  differ  significantly  between  fruit  of  regularly 
irrigated  trees  and  those  from  stressed  trees  until  after  1 3 days.  When  stressed  trees 
were  re-irrigated  at  1 0 day,  fruit  sugar  accumulation  continued  without  interruption  at  rates 
similar  to  those  of  regularly  irrigated  trees.  It  is  possible  that  1 0 days  of  mild  drought 
stress  do  not  critically  reduce  photosynthesis  or  translocation,  however,  a marked  drop 
in  rate  of  fruit  sugar  accumulation  occurred  later  with  only  a short  stress. 

Previous  research  has  indicated  that  carbohydrate  export  from  source  leaves  to 
sink  organs  can  continue  at  the  expense  of  leaf  carbon  reserves  even  when 
photoassimilation  falls  to  near  0 during  periods  of  water  stress  (Deng  et  al.,  1 989).  Cohen 
and  Goell  (1988)  indicated  that  during  prolonged  periods  of  drought,  dry  matter 
accumulation  in  fruit  of  grapefruit  still  continued,  but  at  very  low  rates.  This  was  observed 
even  when  increases  in  fruit  volume  ceased  or  became  negative.  Translocation  into  pear 
fruits  proceeded  similarly  (Mitchell  et  al.,  1984).  Water  stress  may  also  induce  changes 
of  leaf  and/or  fruit  composition  of  lipids  (Hubac  et  al.,  1989),  proteins  (Gardner  et  al., 
1939;  Valluri  et  al.,  1989)  and/or  acids  (Gardner  et  al.,  1939;  Levy  et  al.,  1978). 
Carbohydrate  supply  may  be  reduced  to  some  degree,  though  probably  slight,  to  provide 
raw  material  or  respiratory  substrate  for  these  conversions. 


112 


Total  sugar  content  per  fruit  did  not  increase  in  those  from  continuously  stressed 
trees  (Fig.  6-5,  C),  and  within  13  days  of  stress,  a significant  difference  was  evident 
between  sugar  levels  in  these  fruit  and  counterparts  from  irrigated  trees.  These  data 
showed  that  carbon  import  into  stressed  fruit  virtually  ceased  under  experimental 
conditions. 

Osmotic  adjustment  was  indicated  by  sucrose-hexose  conversion  in  fruit  during 
onset  and  release  of  drought  stress.  Reducing  sugars  and  sucrose  ratios  in  mature  fruit 
of  grapefruit,  orange,  and  lemon  vary  fairly  widely,  but  are  typically  reported  to  be 
approximately  2/1,  1/1,  and  1/1  respectively  (Whiting,  1970;  Erickson,  1968).  In  the 
present  experiments,  the  ratio  of  reducing  sugars  to  sucrose  in  calamondin  fruit  changed 
from  ca  1.3/1  in  fruit  of  regularly  irrigated  trees  to  4:1  in  stressed  counterparts  (Fig.  6-4). 
This  ratio  returned  approximately  half-way  to  pre-stress  levels  when  regular  irrigation  was 
resumed  for  5 days  (Fig.  6-4). 

Particularly  notable  is  that  total  hexoses  per  fruit  and  total  sucrose  per  fruit  shifted 
in  a manner  consistent  with  the  occurrence  of  osmotic  adjustment,  and  that  these 
changes  were  greater  than  could  be  expected  from  altered  influx  of  phloem  sucrose 
alone.  Some  sucrose-to-hexose  conversion  is  standard  during  storage  of  sugars  in  juice 
sacs  (Koch  and  Avigne,  1990),  so  that  the  balance  would  be  expected  to  move  in  this 
direction  if  rate  of  sucrose  entry  decreased.  It  seems  unlikely  that  a quarter  of  the 
hexoses  in  fruit  of  stressed  trees  could  have  arisen  by  this  mechanism  alone,  however, 
in  only  10  days  out  of  270  days  needed  for  full  maturation.  Half  of  this  quarter  is  again 
lost  when  stressed  trees  are  reirrigated,  indicating  that  the  associated  drop  in 
sucrose/hexose  ratio  is  not  simply  the  result  of  new  sucrose  entering  as  translocation  is 
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In  some  tropical  grasses,  osmotic  adjustment  at  full  turgor  can  account  for  a 0.1 1 
MPa  per  MPa  decrease  in  total  water  potential  (Wilson  and  Ludlow,  1983a).  Maximum 
osmotic  adjustment  in  these  species  is  reportedly  0.66  MPa  to  1.0  MPa  (Wilson  and 
Ludlow,  1983a,  1983b).  This  process  leads  to  the  maintenance  of  turgor  potential  and 
hence  continuation  of  plant  growth  (Morgan,  1984).  Fig. 6-3  shows  an  osmotic  potential 
change  of  0.47  MPa  in  fruits  when  calamondin  trees  are  shifted  from  regular  irrigation  to 
drought  stress.  Presumably,  this  value  does  not  represent  the  maximum  osmotic 
adjustment  possible  in  this  tissues,  because  experimental  trees  receive  only  a mild  stress, 
and  are  known  to  respond  less  markedly  than  field  trees  (Fereres  et  a!.,  1 979;  During, 
1985;  Jones  eta!.,  1985) 

Little  or  no  previous  research  has  addressed  the  possibility  that  osmotic 
adjustment  in  growing  fruit  could  substantially  alter  their  sugar  composition.  The  process 
itself  has  been  investigated  in  a wide  range  of  plants  and  leaves,  from  peach  seedlings 
(Young  et  a!.,  1982),  and  bean  plants  (Vassey  and  Sharkey,  1989),  to  peach  leaves 
(Steinberg  etal.,  1989),  cotton  leaves  (Ackerson,  1981 ; Cutler  and  Rains,  1978),  sorghum 
and  sunflower  leaves  (Jones  eta!.,  1980),  wheat  leaves  (Munns  and  Weir,  1981),  orange 
leaves  (Vu  and  Yelenoski,  1989),  grape  leaves  (During,  1971),  and  some  tropical  grasses 
(Wilson  and  Ludlow,  1 983a, b).  Sugars  and  amino  acids  are  major  constituents  of  osmotic 
adjustment  in  expanded  organs  of  many  species  (Ackerson,  1981;  Jones  et  a!.,  1980; 
Munns  and  Weir,  1981).  In  some  reports,  potassium,  organic  acids  (malate,  citrate), 
nitrate,  sodium,  magnesium  and  chloride  ions  have  also  been  found  to  contribute 
(Morgan,  1984;  Cutler  and  Rains,  1978;  Ford  and  Wilson,  1981;  Wilson  and  Ludlow, 
1983b).  Sugars  were  the  focus  of  the  present  study,  however,  because  storage  cells  in 
fleshy  fruit  have  particularly  large  quantities  of  these  solutes. 
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High  apoplastic  sugar  has  been  found  in  some  tissues  and  species  such  as: 
soybean  seed  coat  (Hsu  eta!.,  1984),  pea,  soybean  and  cucumber  seedlings  (Cosgrove 
and  Cleland,  1983),  and  sugarcane  stems  (Hawker,  1965;  Welbaum  and  Meinzer.  1990). 
In  sugarcane,  sugar  content  in  the  apoplast  of  mature  stalks  was  estimated  to  constitute 
as  much  as  21%  of  the  total  stored  sucrose  (Welbaum  and  Meinzer,  1990).  In  soybean, 
apoplastic  sucrose  at  the  interface  between  cotyledons  and  surrounding  seed  coat  was 
greater  than  the  overall  sucrose  concentration  in  the  cotyledons  and  seed  coat  (Gifford 
and  Thorne,  1985).  Relatively  little  is  known  about  apoplastic  sugar  in  citrus  fruit,  and  its 
significance  is  debated  in  many  tissues.  Further  studies  on  apoplastic  sugar  will  be 
helpful  to  the  understanding  of  carbohydrate  translocation  as  well  as  sugar  metabolism 
and  osmoregulation  in  fruit. 


Conclusions 

The  primary  factor  affecting  elevated  concentrations  of  fruit  sugars  under  water 
stress  was  the  change  in  fruit  volume  (water  content).  Data  shown  here  were  consistent 
with  the  hypothesis  that  "sweeter"  fruits  produced  under  stress  result  primarily  from  high 
sugar  concentration,  low  water  content,  and  small  fruit  size,  but  not  more  sugar  per  fruit. 

Osmotic  adjustment  was  indicated  by  sucrose-hexose  conversions  in  fruit  during 
onset  and  release  of  drought  stress.  Under  drought  stress,  sucrose  concentration  in 
calamondin  fruit  decreased  by  40%  whereas  reducing  sugar  concentration  increased  by 
75%.  This  sugar  conversion  contributed  to  increase  of  osmolarity  by  15%.  Fruit  volume 
change  was  the  major  factor  contributing  to  alteration  of  osmolarity  under  cyclic  water 


stress. 


CHAPTER  VII 


OVERALL  CONCLUSIONS 

Marked  water  conservation  was  evident  in  grapefruit  (but  not  calamondin)  after 
early  expansion.  Maximal  carbon  accumulation  occurred  only  after  virtual  cessation  of 
cell  expansion  in  both  fruits.  Total  respiratory  losses  during  development  were  36%  and 
23%  of  total  carbon  influx  for  grapefruit  and  calamondin  fruit,  respectively.  Total  carbon 
and  water  costs  for  growth  of  a 464  g grapefruit  (79  g DW)  were  estimated  to  be  126  g 
sucrose  and  1 .2  kg  water  (ca  1 .6  g sucrose  and  16  g H20  g'1  DW). 

Juice  sac  water  was  markedly  (but  not  completely)  isolated  from  the  transpiration 
stream.  The  apparent  half-time  for  tritiated  water  loss  from  juice  sacs  ranged  from  10  to 
more  than  30  days.  Tritiated  water  exited  peel  6-fold  more  rapidly  than  it  did  from  juice 
tissue.  Tritiated  water  conservation  by  juice  sacs  was  least  pronounced  in  young  fruit  and 
rates  of  loss  from  sacs  and  peel  were  similar  under  prolonged  water  stress. 

Total  water  losses  from  fruit  via  xylem  back-flow  and  fruit  transpiration  were  similar, 
but  newly  arrived  3H20  was  more  readily  withdrawn  than  was  unlabeled  water  which  had 
reached  the  centermost  area  of  the  fruit.  When  water  exit  was  restricted  to  xylem  back- 
flow  alone,  juice  sacs  and  peel  lost  a total  of  1 % and  5%  of  their  tissue  water,  respectively 
over  4 days.  Water  potentials  of  these  tissues  were  correspondingly  reduced  by  ca  0.1 
and  0.6  MPa  in  juice  sacs  and  albedo.  Water  potential  of  peel,  but  not  juice  sacs, 
dropped  an  additional  0.6  MPa  if  transpirational  water  losses  were  also  allowed. 
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When  changes  in  fruit  water  relations  and  sugars  were  examined  under  varied 
watering  regimes  (continuous  irrigation,  stress,  or  alternation  between  the  two),  both 
parameters  appeared  to  stabilize  after  ca  9 days  of  stress.  Pre-stress  osmotic  status  was 
regained  5 days  after  reirrigation  but  lost  after  only  3 days  of  a second  stress.  "Sweeter" 
fruits  reportedly  produced  under  mild  stress  appeared  here  to  result  solely  from  a 
decrease  in  fruit  size,  but  fruit  sugar  conversions  occurred. 

The  most  striking  observations  in  alternating  stress  experiments  were  dramatic 
sucrose-hexose  conversions  in  fruit  apparently  associated  with  osmotic  adjustment.  Total 
reducing  sugar  content  per  fruit  increased  41  % under  stress.  Sucrose  content  dropped 
accordingly,  but  the  conversion  increased  osmolality  by  1 5%  (commercial  juice  is  valued 
in  this  manner).  The  process  was  partially  but  rapidly  reversed  by  reirrigation. 
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